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ABSTRACT
Hassanzadeh Kafash, Masood. Ph.D. The University of Memphis. August 2013.
SEISMIC STABILITY ANALYSIS OF LANDSLIDES STABILIZED WITH
EXPANDED POLYSTYRENE (EPS)-BLOCK GEOFOAM. Major Proffesor: Dr. David
Arellano

The goal of the proposed research is to develop a comprehensive seismic analysis
procedure for the use of expanded polystyrene (EPS) – block geofoam in landslide
stabilization and repair.
Landslides are among the most widespread geologic hazard on earth. Landslides
occur in every state and U.S. territory, especially in the Pacific Coast, the Rocky
Mountains, the Appalachian Mountains, and Puerto Rico. Active seismic activity
contributes to the landslide hazard risk in areas such as Alaska, Hawaii, and the Pacific
Coast and estimated damages related to landslides exceed $2 billion annually. Landslide
stabilization and repair techniques can usually be classified into one of the following
categories: (1) avoid the hazard, (2) reduce the driving forces, or (3) increase the resisting
forces. The use of lightweight fill such as expanded-polystyrene (EPS)-block geofoam is
a slope stabilization procedure that can be used to reduce the weight of the sliding mass
and, thereby, reduce the driving forces of the sliding mass.
A current need in practice is the availability of a comprehensive seismic design
procedure that is specific to EPS blocks utilized for the function of lightweight fill in
slope stabilization and repair.
To accomplish the overall research goal, the following research objectives were
pursued: (1) develop a method to evaluate the seismic stability of EPS embankments
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based on limit equilibrium methods of analysis, (2) develop a method to evaluate the
seismic stability of EPS embankments based on stress-strain (deformation analysis) and
(3) develop a seismic stability analysis procedure that incorporates the findings of
Objectives 1 and 2.
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Chapter 1: Introduction
1. INTRODUCTION
Landslides are among the most widespread geologic hazards on earth. Landslides
occur in every state and U.S. territory, especially in the Pacific Coast, the Rocky
Mountains, the Appalachian Mountains, and Puerto Rico. Active seismic activity
contributes to the landslide hazard risk in areas such as Alaska, Hawaii, and the Pacific
Coast and estimated damages related to landslides exceed $2 billion annually (Spiker and
Gori 2003, Transportation Research Board 1996).
Over the years, a wide variety of slope stabilization and repair techniques have been
employed by engineers to decrease the risk of landslides. An overview of common slope
stabilization techniques is provided in subsequent sections:
1.1. LAND STABILIZATION
The overall stability of slopes is measured as the ratio of the sum of the resisting
forces over the sum of the driving forces, which is called the factor of safety against the
failure as shown in Equation 1.1 and Figure 1.1.

FS

Resistance forces (Shear resistance along potential failure surface)
Driving forces ( Shear forces)

(1.1)

The goal in slope stabilization and repair is to increase the factor of safety. This can
be accomplished by increasing the shear resistance forces along the potential failure
surface of the landslide (numerator of Equation 1.1) or decreasing the weight of the
sliding mass causing the driving shear forces (denominator of Equation 1.1). Therefore,
landslide stabilization and repair techniques can usually be classified into one of the
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following categories: (1) avoid the hazard, (2) increase the resisting forces, or (3) reduce
the driving forces.

Figure 1.1. General free-body diagram of landslides.

1.1.1. Avoid the hazard
The first and maybe the simplest way to overcome landslide problems is to avoid
them, but it is not always feasible. In many projects, especially in roadways, selecting an
alternative site is not doable or may cause excessive cost. On the other hand, on roadway
expansion projects, such as road widening projects, the project site has been selected
before. Therefore, the option of avoiding the landslide is not always available.
1.1.2. Increase the resisting forces
Increasing the shear resistance along the potential failure surface of the landslide is
another alternative method to stabilize landslides. Various methods, such as installation
of piles or drilled shafts, chemical soil improvement, installation of drainage systems, the
construction of berms on the toe of the slope, have been used to stabilize landslides by
increasing the shear resistance.

2

1.1.3. Reduce the driving forces
Reducing the driving forces is one of the most effective solutions to increase the
stability of landslides. Driving forces can be decreased by decreasing the steepness of the
slope or replacing the soil with lightweight materials. Reducing the inclination of the
slope is not always feasible because in urban areas, the problem of acquisition of land is a
big issue and restricts the use of this technique. Another alternative to reducing the
driving forces is to use materials with very low densities, which can significantly
decrease the weight of the slopes. In the second technique, the soil on the top of the slope
is replaced by a lightweight material such as lightweight granular fills, wood fiber, blast
furnace slag, boiler slag, fly ash, shredded tires or expanded polystyrene (EPS)-block
geofoam.
All of these lightweight materials have advantages and disadvantages. EPS-block
geofoam in comparison with the other lightweight materials has a much lower density (16
kg/m3 versus 1900 kg/m3). Additionally, EPS blocks are engineered materials and have
acceptable uniform properties that are not weather sensitive like other lightweight
materials. This research will focus on the seismic design of EPS-block geofoam utilized
in landslide stabilization and repair.
An overview of the EPS-block geofoam functions and applications, engineering
properties and its application in slope stabilization and repair is provided here.
1.2. GEOFOAM
Geofoam is any manufactured material created by an internal expansion process that
results in a material with a texture of numerous, closed, gas-filled cells using either a
fixed plant or an in situ expansion process (NCHRP 24-11-(02)). EPS materials are the
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white polymeric foam used in thermal insulation, beverage cups and cushion packaging
(Horvath 2010). This research will focus on the use of EPS blocks; therefore, the term
EPS-block geofoam will imply EPS blocks in this research.
Among all the available methods to stabilize landslides, the use of EPS-blocks
geofoam is one of the easiest and the fastest method. Simple and fast construction,
capability to be placed in adverse weather conditions, eliminating the preloading or
surcharging and stage construction, low maintenance cost, elimination of the need to
acquire right-of-way to construct, and good durability are some of the benefits of EPSgeofoam blocks which leads to increased usage of geofoam in civil engineering
applications (Arellano et al. 2011).
EPS-block geofoam was used for the first time as a geotechnical material in Norway
in the 1960s. EPS blocks were used in embankment projects for the first time in 1985 in
Japan (Miki 1996). The Geofoam blocks that were used in Japan have experienced
various earthquakes and they have shown acceptable behavior under earthquakes (Hotta
et al. 1996). Significant research has been done in Japan on the seismic behavior of EPS
blocks (Horvath 1999). In the US, the American Association of State Highway and
Transportation Officials (AASHTO), in cooperation with the Federal Highway
Administration (FHWA), funded National Cooperative Highway Research Program
(NCHRP) Projects 24-11(01) and 24-11(02) to develop design guidelines for the use of
EPS-block geofoam in stand-alone embankments (from 1999 to 2002) and slope
stabilization and repair (from 2009 to 2011), respectively.
The first major project in the US that used the results from NCHRP 24-11-(01) in
practice was EPS-block geofoam embankments constructed as part of the Central
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Artery/Tunnel (CA/T) project in Boston, MA (Riad 2005). The I-95/Route 1 Interchange
(Woodrow Wilson Bridge Replacement) in Alexandria, VA and the I-15 Reconstruction
Project in Salt Lake City, UT are additional examples of completed projects that utilized
EPS blocks. These projects demonstrate that EPS-block geofoam is a technically viable
and cost effective alternative in construction over soft ground.
EPS blocks are commonly made with a density of 12 to 35 kg/m3, which is less than
one percent of a soil’s density. Therefore, replacing the soil with EPS-block geofoam can
significantly decrease the weight of the slide mass and improve the stability of landslides.
Additionally, EPS-block geofoam materials have a high compressive strength, which
allows the designer to use them in a wide variety of projects.
EPS blocks are commonly produced with dimensions of 0.6 1.2 2.4 m, but also
can be found in a wide range of sizes that differ from one company to another. These
blocks are flammable when exposed to direct contact with flame. Therefore, geofoam
should be protected against direct contact with fire. They have excellent durability, but
should be protected against ultraviolet (UV) radiation and direct contact with
hydrocarbons such as oil and gasoline.
1.2.1. Functions and Applications of EPS geofoam
EPS geofoam has gained widespread popularity as a construction material in recent
years. These blocks have a variety of functions such as thermal insulation, lightweight fill
material, compressible inclusions, damping material against vibrations and low-earthpressure fill behind retaining walls (Arellano et al. 2011).
The applicability of EPS-blocks in civil engineering projects can be categorized
based on their applications in transportation, structural and earth works, and commercial
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projects (ACH foam 2012). EPS-blocks are utilized in transportation projects such as
roadways, highways, railroads and bridges or behind retaining walls as seismic buffers.
Some examples of structural and earth works applications of EPS-blocks are parking
structures, foundations, berms, embankments, landscapes, green roofs, levees, dikes,
utility protection and compressible inclusions. In the last category, commercial projects,
EPS-blocks are used in projects such as stadium seating, theaters, floor elevation, plaza
decks, pools and pool decks, landscaping, green roofs, compressible inclusions, vibration
and sound-proofing, gas ventilation, bond breakers and frost issues (ACH foam, 2012).
Examples of the various functions and applications of EPS blocks are: embankments
and pavements (Duskov 2000, Jutkofsky et al. 2000, Horvath 2004a, 2004b, Stark et al.
2004), earth pressure reduction behind retaining walls (Horvath 1991a, 1991b, Inglis et
al. 1996, Aytekin 1997, Reeves and Fliz 2000, Stark et al. 2004, Zarnani et al. 2005,
Bathurst et al. 2007a, 2007b, Zarnani and Bathurst 2008) and thermal insulation and
noise and wave reduction (Horvath 2005, Koerner 2005).
1.2.2. Engineering properties of EPS geofoam blocks
Engineering properties of EPS-blocks geofoam can be categorized as physical,
mechanical and thermal properties. Physical properties of these blocks include density,
fusion, block dimensions, color, flammability, durability and resistance to environmental
effects. Mechanical properties include compressive, shear, tension and flexural strength
and thermal properties include thermal coefficient of conductivity (Stark et al. 2004).
Dynamic properties of EPS blocks are those parameters that are related to their
behavior under dynamic loading. Dynamic shear modulus, shear wave velocity and
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damping ratio are dynamic properties of EPS material that are important in geotechnical
applications of these blocks.
This section provides an overview of the mechanical and dynamic properties of EPSblock geofoam that are commonly considered in slope stabilization and repair.
1.2.2.1. Compressive properties
The unconfined compression test, with strain-controlled compression loading at a
rapid rate (10%/min) is a common test that is performed to evaluate the compressive
stress-strain behavior of EPS blocks. Compressive tests are commonly performed on
small cubical specimens with dimensions of 50x50x50 mm obtained from full-size EPS
blocks. Figure 1.2 illustrates the unconfined uniaxial compression strain-stress behavior
of EPS specimens. Size, shape, age and temperature of specimen as well as rate of strain
are the parameters that can have significant effects on the results. As depicted in Figure
1.2 and defined by NCHRP 24-11(01) (Stark et al. 2004), the strain-stress behavior of
EPS can be divided into the following four zones:
1.2.2.1.1. Zone 1: initial linear response
The stress-strain behavior of EPS blocks is linear and elastic up to an approximate
compressive strain of one percent. One percent is the limit of this zone, and the stress
corresponding to this strain is called the elastic limit stress. The slope of the curve in this
zone is defined as initial tangent Young’s modulus, Eti.
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Figure 1.2. Stress–strain behavior of 21 kg/m3 block-molded EPS specimen under
rapid, strain-controlled unconfined compression test (Horvath 1995, Stark et al.
2004).

Research on the microstructure behavior of EPS blocks under compressive loads
shows that at this strain level the closed cell walls of the EPS are bending or sometimes
buckling, but their deformations are not permanent (Ossa and Roma 2010).
1.2.2.1.2. Zone 2: yielding
Zone 2, which is dependent on the density of the EPS blocks is called the yielding
zone. As illustrated in Figure 1.3, Zone of yielding extends to strains between 3 percent
and 5 percent (Horvath 1995). The compressive stress corresponding to 10 percent strain
is called the compressive strength. Research has shown that the curvature of the stressstrain curve in this zone is dependent on the density of the blocks (Horvath 1995).

8

Figure 1.3. Zone 1 and Zone 2 of the strain-stress behavior of EPS blocks
(Stark et al. 2004).

At the yielding zone, cell walls are buckling, air inside the cells is exploding, cell
hinges are yielding, space between beads are decreasing, and cracks are created (Ossa
and Roma 2010). As shown in Figure 1.3, “plastic stress” or “yield stress” defines the
stress corresponding to yielding.
1.2.2.1.3. Zone 3: linear and work hardening in nature
Zone 3 shows the strain hardening behavior of EPS blocks. At these strain levels,
because of the expulsion of air from inside the cells, high deformation appears. The
behavior changes from a material with closed cells to a stack of membranes (Ossa and
Roma 2010). Therefore, at this strain level, the blocks start to show hardening behavior.
1.2.2.1.4. Zone 4: nonlinear but still work hardening in nature
Zone 4 is the continuation of Zone 3. At these strain levels, EPS blocks show high
deformation that is permanent. The hardening behavior in this zone is nonlinear.
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1.2.2.1.5. Poisson’s ratio
Poisson’s ratio can also be obtained from unconfined compressive stress tests
(Equation 1.2). Poisson’s ratio has significant effects on design, especially in
backcalculating the shear modulus of EPS blocks. Various investigations have been
performed on Poisson’s ratio (Horvath 1995, Preber et al. 1994, Magnan and Serratrice
1989, Zou and Leo 1998, Atmatzidis et al. 2001, Wong and Leo, 2006) and various
equations for estimating Poisson’s ratio have been proposed.

lateral
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(1
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v

)

(1.2)

z

Poisson’s ratio of EPS material, within the elastic range, is relatively small and often
taken as zero; however, for a more accurate estimation of , Equations 1.3

(Horvarth 1995) and 1.4 (Preber et al.1995) might be used.

0.0056

(1.3)

0.0024

0.097 0.003

0.002

(1.4)
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Poisson’s ratio of EPS material, beyond the elastic range, rapidly decreases to zero
and therefore might be taken as zero for design purposes.
1.2.2.2. Shear properties
Shear properties of EPS blocks can be separated into internal and external shear.
Internal shear occurs within one block. External shear occurs between EPS blocks or
between EPS blocks and other materials (external shear resistance).
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1.2.2.2.1. Internal shear strength
Internal shear resistance of EPS blocks relates to its resistance against shearing
through one block. The common method to evaluate the shear resistance of EPS blocks is
by loading them up to the maximum shear stress. ASTM test method C 273 (American
Society for Testing and Materials 2001) addresses internal shear strength of EPS geofoam
blocks.

Figure 1.4. Strength of block-molded EPS in various test modes as a function of
density (Horvath 1995, Stark et al. 2004).

1.2.2.2.2. External shear strength
External shear resistance of EPS blocks involves the shear resistance between blocks
(EPS/EPS) or between an EPS block and other materials likely to be encountered in
lightweight fills such as geosynthetics and soils (EPS/dissimilar material). To evaluate
the external shear resistance, many studies have been performed, but since there is not
any specific standard test to evaluate these properties, they have many variables. In order
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to evaluate the external shear strength of EPS material, the direct shear test (ASTM D
5321) is utilized.
The Mohr-Coulomb model, summarized below, can be used to define the EPS/EPS
or EPS/dissimilar material shear resistance.

n

(1.5)

tan

where
(1.6)

interface shear resistance
n

(1.7)

applied normal stress on the interface

EPS/EPS or EPS/dissimilar material interface friction angle

(1.8)

If the shear resistance between blocks is insufficient for stability due to external
horizontal loads, mechanical connectors and/or shear keys are included between layers of
blocks to increase the shear resistance between blocks.
1.2.2.3. Dynamic Properties
Dynamic properties of EPS blocks are those parameters that are related to their
behavior under dynamic loading. EPS blocks used as a seismic buffer or EPS blocks
under earthquake loads are examples of dynamic loadings. Dynamic shear modulus,
damping ratio and dynamic shear strain are dynamic properties of EPS material that are
related to geotechnical applications.
In general, determination of dynamic properties of soil or EPS material can be
performed in laboratories (resonant column/torsional shear, cyclic triaxial, bender
element and ultrasonic tests) or in the field (geophysical techniques).

12

Athanasopoulos et al. (1999, 2007), Duskov (1997), Trandafir et al. (2010),
Athanasopoulos and Xenaki (2011), and Ossa and Romo (2011) performed cyclic triaxial
tests, and Ossa and Roma (2011) and Athanasopoulos and Xenaki (1999, 2011)
performed resonant column tests to measure the dynamic properties on geofoam
specimens. Duskov (1997) and Athanasopoulos and Xenaki (2011) investigated the shear
modulus of EPS material by utilizing ultrasonic tests and bender element tests,
respectively. Each of these tests has advantages and disadvantages as well as specific
ranges of strain magnitude applicability. Figure 1.5 provides a comparison between the
typical strain range associated with different laboratory and field tests.

In Situ

Figure 1.5. Typical strain level associated with different laboratory tests and field
testing (GCTS 2012).

A summary of cyclic triaxial and resonant column laboratory test procedures and of
the Multi-channel Analysis of Surface Waves (MASW) field test procedure is
subsequently provided.

13

1.2.2.3.1. Laboratory testing
Laboratory tests are typically used to obtain the shear modulus and damping ratio
variation with shear strain. Cyclic triaxial test is one common method that can be used to
measure the dynamic properties of materials. Since cyclic triaxial tests are compression
tests, the dynamic elastic modulus and axial compression strain are the common results of
these tests. Dynamic shear modulus and shear strain are estimated from the dynamic
modulus of elasticity and axial compression strain using Equations 1.9 and 1.10.

G

Edyn
2(1 v )

(1.9)
(1.10)

(1 v)

Here, Edyn is the dynamic modulus of elasticity, v is Poisson’s ratio, and is the
axial strain. Damping ratio can be calculated from Equation 1.11.

WD
4 .WA

(1.11)

in which WD is the energy dissipated by the EPS material (area of the hysteresis
loop shown in Figure 1.6) and WA is the maximum potential energy stored by the
material (area of OAB in Figure 1.6).
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Figure 1.6. Typical stress-strain hysteresis loop (Ossa and Roma 2011).

Another laboratory test method to measure the dynamic properties of EPS blocks is
to use the Resonant Column apparatus (as shown in Figure 1.7) in which dynamic
properties are measured from the resonant frequency of the specimen. This method is
usually used to measure the soil shear modulus and damping ratio at small strain ranges.

Figure 1.7. Resonant Column device (GCTS manual).

The shear modulus is evaluated from the shear wave velocity using Equation 1.12.
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2

G

Vs

(1.12)

where:

Vs

2 fnh
(1.13)

in which Vs is the shear wave velocity, fn is the natural frequency of the system and
is usually estimated by fm (natural frequency corresponding to the maximum acceleration
as depicted in Figure 1.9) and

tan( )

is calculated from Equation 1.14.

I
I0

(1.14)

where I is the mass polar moment of inertia of the EPS specimen and I0 is the mass
polar moment of inertia of the mass attached at the free end of the specimen. Damping
ratio can be measured from the frequency-response curve as shown in Figure 1.9 by using
Equation 1.15.

(

f 2 f1
) 100
2 fn

(1.15)
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Figure 1.8. Natural frequencies versus acceleration.

The shear strain can be evaluated from Equation 1.16 and the parameter definitions
shown in Figure 1.8.

d
h

(1.16)

Figure 1.9. Parametric definitions in resonant column specimen.
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can be calculated by knowing the distance from the center of the specimen to the
accelerometer and the maximum acceleration. Therefore, Equation 1.16 can be written as
Equation 1.17:

(

1
2

12 r

)

d amax
h f 2m

(1.17)

1.2.2.3.2. Field testing
Performing geophysical testing is an effective method for evaluating the dynamic
properties of subsurface soils (Figure 1.10). SASW (Spectral Analysis of Surface
Waves), MASW (Multi-Channel Analysis of Surface Waves), REMI (Refraction
Microtremor), Cross-hole and Down-hole surveys are geophysical tests that are
commonly used to measure the in situ shear wave velocity of soils. The measured shear
wave velocity can be used to estimate the maximum shear modulus of soils with depth. In
this section, the MASW test and its apparatus, which is also available at the Civil
Engineering Department of The University of Memphis, will be described.

Figure 1.10. Seismic refraction test set up (Kramer 1997)
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MASW is a geophysical test procedure that is typically used to evaluate the shear
wave velocity of subsurface soils at small strains. In order to measure the shear wave
velocity of material using MASW, two steps should be performed: field measurements
and data interpretation.
1.2.2.3.3. Field measurements:
The MASW test is performed by placing geophones (typically 24) on the ground
surface that record the time histories of propagating waves from an active or passive
seismic source located at various distances (offset) from the sensors (Figure 1.11). Active
seismic source waves are generated by hitting the ground at a specified location with a
source such as a sledge hammer whereas passive seismic source waves are generated
from random sources such as nearby vehicle traffic

Figure 1.11. Typical MASW test configuration.
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In order to perform the MASW test, the following components, as shown in Figure
1.12, are needed:
a. Wave Source:
Wave source such as a sledge hammer is commonly used. In MASW testing, the
seismic source is chosen based on the survey depth desired. Seismic sources with large
impact energy such as the use of heavy weights can be used for deep investigations (Park
2011). Seismic sources with lower impact energy such as the use of small balls can be
used for shallow investigations (Cho and Lin 2005).
b. Receivers:
4.5-Hz geophones with uniform spacing are commonly used to record the surface
waves.
c. Geode:
Geodes are commonly used to digitize the data and transfer the recorded data to a
laptop computer for storage and analysis.

Figure 1.12. a) Sledge hammer b) 4.5 Hz geophone, c) Geode.

Analysis of MASW data consists of the following two primary steps: 1) dispersion
analysis and 2) inversion. An overview of each of these steps is subsequently provided.
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1.2.2.3.4. Dispersion Analysis
The purpose of dispersion analysis is to develop a dispersion curve from the time
histories recorded by the geophones. These dispersion curves are referred to as
experimental dispersion curves. A dispersion curve is a plot of phase velocity versus
frequency as depicted in Figure 1.13. Dispersion curves can be dispersive or nondispersive. In dispersive curves, different frequency components of surface waves travel
with different velocities and create a dispersive curve (Figure 1.13a). For example, in
soils, longer wave length (lower frequency (f1)) penetrates greater depths which usually
involves higher density material and, therefore, waves travel with higher velocity
(V1>V2) (Figure 1.13.a). If all the frequency components travel with the same velocity,
the dispersion curve will be non-dispersive and will plot as a straight line (shown in
Figure 1.13b) (Park 2012).

(a)

(b)

Figure 1.13. Phase Velocity vs Frequency for (a) dispersive curve, (b) Non-dispersive
curve.
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1.2.2.3.5. Inversion Analysis
Inversion analysis is a procedure to find the shear wave velocity profile from the
experimental dispersion curves determined during dispersion analysis. In general, the
inversion analysis is an iterative process to find a shear wave velocity profile for the
experimental dispersion curve with the minimum error between the theoretical dispersion
curve of inverted velocity profile and the experimental dispersion curve.
1.3. SLOPE STABILIZATION AND REPAIR WITH EPS-BLOCKS GEOFOAM:
The use of lightweight fill is a slope stabilization procedure that reduces the weight
of the sliding mass thereby reducing the driving forces of the sliding mass. EPS blocks
can provide an economical and effective solution to landslides. The FHWA has
designated EPS-block geofoam as a priority, market-ready technology that can be used
especially when the time aspect is a main concern in a project. EPS-block geofoam is an
innovative material and construction technique that can accelerate project construction.
Arellano et al. (2011a; 2011b) provide design guidelines for the use of EPS-block
geofoam in slope stabilization and repair applications. The overall design procedure for
the use of EPS blocks in slope stabilization and repair consists of the following steps:
1) Background investigation,
2) Select a preliminary type of EPS and assume a preliminary pavement system
design,
3) Optimize volume and location of EPS fill,
4) Modify optimized EPS fill as needed for constructability,
5) Static slope stability (External),
6) Seismic stability and overturning (External),
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7) Seismic stability (Internal),
8) Pavement system design,
9) Evaluation of the effect of pavement system design on previous failure
mechanisms already analyzed,
10) Load bearing (External),
11) Settlement,
12) Bearing capacity (External),
13) Final design details.
Since the goal of this research is to develop a comprehensive seismic analysis
procedure for the use of EPS-block geofoam in landslide stabilization and repair, a
summary of Steps 6 and 7, which involve seismic stability, is provided herein.
1.3.1. Seismic Failure Mechanisms
The seismic analysis procedure is separated into external and internal seismic
stability analysis, steps 6 and 7, respectively, of the overall design procedure for EPSblock geofoam slope fills. Figure 1.14 shows that the major components of an EPS-block
geofoam slope system consist of existing slope material, fill mass, and possibly a
pavement system.

Figure 1.14. Major components of an EPS-block geofoam slope system
(Arellano et al. 2011a).
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Design for external seismic stability considers overall stability of the EPS-block
geofoam slope system and considers failure mechanisms that involve only the existing
slope material as well as failure mechanisms that involve both the fill mass and the
existing slope material. As shown in Figure 1.15, failure mechanisms that are considered
for external seismic stability analysis include slope instability, horizontal sliding of the
entire EPS-block geofoam fill mass, overturning of a vertical-sided embankment, bearing
capacity failure of the existing foundation earth material, and settlement of the existing
foundation material.

Potential slip
surface 2

Potential slip surface 3

Potential slip surface 1
(Global stability failure)

Overall stability

Horizontal sliding

Overturning

Excessive settlement

Bearing capacity

Figure 1.15. External seismic failure mechanisms (Arellano et al. 2011a).
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Design for internal seismic stability considers failure mechanisms within the EPSblock geofoam fill mass only. As shown in Figure 1.16, failure mechanisms that are
considered for internal seismic stability analysis include horizontal sliding between layers
of blocks and/or between the pavement system, and the upper layer of blocks and load
bearing failure of the EPS blocks.

Load bearing failure of the blocks

Seismic rocking due to seismic-inertia force

Internal seismic stability failure
Figure 1.16. Internal seismic failure mechanism (Arellano et al. 2011a).

The general external seismic analysis procedure consists of determining a horizontal
seismic coefficient for pseudo-static analysis from a site-modified acceleration response
spectrum for the project site. After the horizontal seismic coefficient is determined,
pseudo-static limit equilibrium stability analysis for the various failure mechanisms, i.e.,
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overall stability, horizontal sliding, overturning of vertical embankment, bearing
capacity, and settlement, is performed.
The effect of the natural slope material on external horizontal sliding of the entire
EPS-block fill mass and overturning of a vertical-sided embankment proposed in the
NCHRP 24-11(02) report consists of determining the magnitude of seismic earth pressure
due to the seismic inertia forces based on the Mononobe-Okabe (M-O) method.
The current state-of-practice of internal seismic stability analysis is to decouple the
determination of the overall seismic response acceleration into the determination of the
seismic response of natural slope material, followed by the seismic response of the EPSblock fill mass. Therefore, internal seismic stability analysis and design of EPS-block
geofoam slope systems can be separated into the following three primary steps: 1)
estimating the seismic-response acceleration of the natural soil or rock at the base of the
EPS fill mass and estimating the seismic-response acceleration at the top of the EPS fill
mass, 2) determining the seismic inertia forces from adjacent slope material, and 3)
evaluating the horizontal sliding and bearing capacity failure mechanisms.
1.4. PROBLEM STATEMENT, RESEARCH GOAL AND OBJECTIVES
1.4.1. Problem statement
The NCHRP 24-11(02) research identified various issues related to the seismic
analysis of EPS-block geofoam slope systems where further research would enhance the
current seismic design procedure. First, the need exists for a method that considers the
effect of the horizontal joints between layers of EPS blocks in limit equilibrium seismic
stability analysis. Second, the need exists to develop a procedure for evaluating the lateral
earth pressure distribution adjacent to the EPS fill mass from the adjacent upper slope
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material. Third, the need exists for a deformation-based seismic stability analysis
procedure that can complement the limit equilibrium seismic analysis procedure. Fourth,
the need exists for recommended dynamic properties of EPS material that can be used in
design.
The above-mentioned issues are some of the current problems in design that this
research will attempt to address. The subsequent sections will describe the overall goal
and objectives of the proposed research, which intends to fill the void in current practice
of a lack of a comprehensive seismic design procedure.
1.4.2. Research Goal
The overall goal of this research is to develop a comprehensive seismic analysis
procedure for the use of expanded polystyrene (EPS)-block geofoam in landslide
stabilization and repair.
To accomplish the overall research goal, the following research objectives were
pursued: (1) develop a method to evaluate the seismic stability of EPS embankments
based on limit equilibrium methods of analysis, (2) develop a method to evaluate the
seismic stability of EPS embankments based on stress-strain (deformation analysis) and
(3) develop a seismic stability analysis procedure that incorporates the findings of
Objectives 1 and 2.
Figure 1.17 is a flow chart of the proposed research objectives, and tasks that were
pursued to accomplish the overall goal of the proposed research. An overview of the
research objectives and tasks is provided in the subsequent sections of this chapter.

27

Figure 1.17. Flow chart of proposed research objectives, and tasks.

1.4.2.1. Objective 1: Develop a method to evaluate the seismic stability of EPS
embankments based on limit equilibrium methods of analysis.
The purpose of Objective 1 is to develop a method to evaluate the seismic stability of
EPS embankments based on limit equilibrium methods of analysis that considers the
effect of lateral earth pressure distribution to the EPS fill mass from the adjacent upper
slope materials and the effect of the horizontal joints between layers of EPS blocks. To
accomplish this objective, the following two tasks were performed: 1) develop a method
to evaluate the seismic lateral earth pressure distribution behind EPS embankments from
upper slope soils as shown in Figure 1.18 and 2) develop a method based on limit
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equilibrium equations to evaluate the seismic stability of EPS embankments that
considers the effect of horizontal joints between layers of EPS blocks.

Figure 1.18. Major components of an EPS-block geofoam slope system.

1.4.2.1.1. Task 1) Develop a method to evaluate the seismic lateral earth pressure
distribution behind EPS embankments from upper slope soils.
In order to evaluate the seismic stability of EPS embankments, the seismic lateral
earth pressure from adjacent upper slope material needs to be estimated. The NCHRP 2411(02) project revealed the lack of a method to evaluate the seismic lateral earth pressure
distribution behind EPS embankments. The available methods in estimating the seismic
lateral earth pressure, such as the Mononobe-Okabe method (Okabe 1926; Mononobe and
Matsuo 1929), provides the total lateral earth force behind walls but the distribution of
earth pressure with depth is not provided. Since geofoam embankments consist of EPS
block layers with horizontal joints, an accurate estimation of lateral earth pressure
distribution behind EPS walls is essential in stability analysis of these geo-structures.
In order to accomplish this task, the horizontal slice method (HSM) was used to
evaluate the effect of seismic lateral earth pressure on seismic stability of EPS

29

embankments. HSM was originally developed by Lo and Xu (1992) for reinforced soil
walls, and Shahgholi et al. (2001), Reddy (2008) and Nouri (2006; 2008) applied this
procedure for seismic stability analysis of reinforced soil slopes. Ahmad and Choudhury
(2012), Ahmadabadi and Ghanbari (2009), Ahmad (2008), Azad et al. (2008) and
Shekarian et al. (2008) used HSM to evaluate the active lateral earth pressure behind
earth retention walls. HSM is a limit equilibrium seismic analysis procedure that
considers horizontal slices, instead of traditional vertical slices, in evaluation of the
stability of sliding surfaces, which is compatible with the inherent horizontal layered
geometry of EPS embankments.
Task 1 will consist of investigating the effect of lateral earth pressure distribution
behind EPS embankments due to the adjacent upper slope soil by utilizing the horizontal
slice method under Pseudo- static and Pseudo-dynamic conditions.
1.4.2.1.2. Pseudo-static
The pseudo-static method involves the use of a constant vertical and horizontal
acceleration for seismic analysis. In this method, earthquake acceleration is simplified
with a time independent acceleration coefficient which is a constant value for the whole
sliding mass.
Mononobe-Okabe (Okabe 1926; Mononobe and Matsuo 1929) developed a method,
based on the pseudo- static approach, for evaluating the seismic lateral earth pressure
behind retaining walls. In the Mononobe-Okabe method, an assumed failure surface is
considered and equilibrium equations for the whole sliding mass are considered (Figure
1.19). By solving the equilibrium equations, the total lateral earth force from the adjacent
soil on the wall is estimated. As a result of this method, only one single force, which
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represents the total lateral earth pressure from the sliding mass, is calculated and
therefore the distribution of lateral earth pressure is not provided.

Figure 1.19. Mononobe-Okabe sliding mass.

As a first attempt to accomplish Task 1, the horizontal slice method, combined with
the pseudo-static approach, was used to evaluate the distribution of seismic lateral earth
pressure behind the EPS fill mass due to the adjacent soil whereby a trial failure wedge
within the soil adjacent to the EPS fill mass was analyzed (Figure 1.20).
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Figure 1.20. Cross-section of slope stabilized by EPS geofoam blocks.
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In the horizontal slice method, the sliding soil mass is divided into horizontal layers,
instead of the one sliding wedge that was used in the Mononobe-Okabe method. Limit
equilibrium equations for each horizontal slice are considered and solved simultaneously
and the lateral earth force for each horizontal slice is evaluated. Therefore, by utilizing
the horizontal slice method, the overall distribution of lateral earth pressure throughout
the full thickness of all the EPS blocks can be estimated.
1.4.2.1.3. Pseudo Dynamic
Pseudo-static analysis is based on the assumption that the soil behind a wall has a
constant acceleration for the whole failing mass, which means that the soil is rigid and
has an infinite shear wave velocity. Centrifuge test results indicate that earthquakeinduced accelerations will have a phase and amplitude change behind a retaining wall as
the shear wave travels from the base of the wall to the ground surface

(Steedman and

Zeng 1990). Pseudo-dynamic analysis considers the phase and amplitude change of
earthquake-induced accelerations with EPS-block geofoam depth instead of the constant
value that is commonly used in pseudo-static analysis. Pseudo-dynamic analysis was
utilized to investigate the lateral earth pressure distribution behind the EPS-block
geofoam fill mass.
The lateral earth pressure distribution obtained from pseudo-dynamic and pseudostatic methods are compared to provide recommendations for design.
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1.4.2.1.4. Task 2) Develop a method based on limit equilibrium equations to
evaluate the seismic stability of EPS embankments that considers the effect of horizontal
joints between layers of EPS blocks.
In order to evaluate the seismic stability of EPS embankments, the horizontal slice
method described in Task 1 was utilized. The EPS fill mass was divided into horizontal
layers and the corresponding limit equilibrium equations were written. By solving the
limit equilibrium equations, the factor of safety for the seismic stability of EPS
embankments was calculated. The failure surface with minimum factor of safety was
chosen as the critical failure surface.
1.4.2.2. Objective 2: Develop a method to evaluate the seismic stability of EPS
embankments based on stress-strain (deformation analysis).
In evaluation of seismic behavior of slopes during earthquakes there are two
commonly used approaches: force-based limit equilibrium methods and displacementbased methods (Vahedifar 2011). Traditional force-based limit equilibrium methods have
been widely used in practice due to their relative simplicity and the experience that
geotechnical engineers have accumulated over many years with the use of limit
equilibrium analyses (Liu et al. 2012). However, they cannot address the post-earthquake
serviceability of slopes properly (Vahedifar 2011). A need in practice for evaluating the
post-earthquake serviceability of slopes causes a shift from the traditional force-based
design methods to displacement-based design methods.
The purpose of Objective 2 was to investigate the seismic stability of slopes
stabilized with EPS blocks based on deformation analysis by utilizing numerical analysis
to 1) evaluate the post-earthquake serviceability of EPS embankments and 2) incorporate
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the effect of the stress-strain behavior of soil and EPS material on seismic design. In
order to accomplish this objective, a performance-based design analysis utilizing
numerical methods was performed using software program FLAC (Itasca 2005) to
evaluate the behavior of EPS embankments under seismic loading. Performing a
numerical analysis in FLAC consists of several steps, including: 1) generating the slope
geometry 2) defining the material properties, 3) applying boundary conditions and loads
or excitation, and finally 4) evaluating the results.
A reliable and economical design needs a dependable estimation of material
properties. Dynamic parameters are input parameters to the constitutive material models
that predict the behavior of materials under dynamic loading. Therefore, the dynamic
material properties used in deformation analysis will have a significant effect on design.
A literature search revealed significant uncertainties in the evaluation of EPS material
such as the effect of specimen size, test procedure, and in-situ stresses. So as part of this
objective, a comprehensive study of dynamic properties of EPS blocks was performed. In
order to accomplish this objective, the following tasks were investigated: 1) estimation of
dynamic properties of EPS material on a full-size EPS block 2) evaluating the dynamic
properties of EPS material on small laboratory specimen.
1.4.2.2.1. Task 1) Estimation of dynamic properties of EPS material on full-size EPS
block.
The geofoam dynamic parameters required to perform seismic analysis are the shear
wave velocity, shear modulus and damping ratio. Currently, these parameters are
obtained predominantly from laboratory testing such as resonant column and cyclic
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triaxial tests. However, laboratory tests are typically performed on small laboratory
specimens and not on full-size EPS blocks.
Athanasopoulos et al. (1999, 2007), Duskov (1997), Trandafir et al. (2010),
Athanasopoulos and Xenaki (2011) and Ossa and Roma (2011) performed cyclic triaxial
tests, and Ossa and Roma (2011) and Athanasopoulos and Xenaki (1999, 2011)
performed resonant column tests to measure the dynamic properties of geofoam
specimens. The literature on the laboratory test results, indicated above, revealed that the
shear modulus of EPS material is sensitive to specimen size. Literature also indicates that
confining (Ossa and Roma 2011) and vertical stresses also influence the dynamic
properties of EPS material. However, it is difficult to reproduce the field stresses and
strains in conventional dynamic laboratory testing.
This task was accomplished by performing lab testing. Geophysical tests such as
MASW (Multi-Channel Analysis of Surface Waves) tests were performed in the
laboratory to estimate the dynamic properties of a full-size EPS block. Utilizing the
MASW method in evaluating the dynamic properties of EPS material can provide the
following potential advantages: (1) eliminate the effect of the sample size on results, (2)
provide a capability to test EPS material under in-situ conditions (3) provide an image of
the integrity of EPS blocks (4) utilize fast and economical procedures.
1.4.2.2.2. Task 2) Evaluating the dynamic properties of EPS material on small
laboratory specimen.
Cylindrical specimens were cut from the full-size EPS block used in Task 1 and
tested with the resonant column device available at the geotechnical laboratory of The
University of Memphis. Results from Tasks 1 and 2 were compared to evaluate the effect
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of specimen size on results. Based on the outcomes of Tasks 1 and 2 and based on results
of laboratory tests from the literature, dynamic properties for EPS will be recommended
for use in design.
1.4.2.3. Objective 3: Develop a seismic stability analysis procedure that
incorporates the findings of Objectives 1 and 2.
The findings of Objectives 1 and 2 will be used to develop a comprehensive seismic
analysis procedure for the use of EPS-block geofoam in landslide stabilization and repair.
1.5. ORGANIZATION OF DISSERTATION
This dissertation includes five chapters and one appendix. This chapter (Chapter 1) is
intended to provide background information, a problem statement, the research goal and
objectives of this study. The next chapter (Chapter 2) will discuss the literature review as
it relates to the evaluation of dynamic properties of EPS material, limit equilibrium and
numerical analysis of EPS-block geofoam embankments. Chapter 3 will present the
proposed method for evaluation of the seismic stability of EPS embankments based on
limit equilibrium methods of analysis. Chapter 4 will explain the proposed method for
evaluation of the seismic stability of EPS embankments based on stress-strain
(deformation analysis), and Chapter 5 will present the comprehensive seismic analysis
procedure for the use of EPS-block geofoam in landslide stabilization and repair and
summarize the key conclusions of the research. Appendix A will provide a summary of
the feasibility of MASW (Multi-Channel Analysis of Surface Waves) for evaluating the
dynamic properties of EPS-block geofoam material, and also contains the investigation
on dynamic properties of EPS-block geofoam by utilizing resonant column tests.
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Chapter 2
2. LITERATURE REVIEW
2.1. DYNAMIC PROPERTIES OF EPS-BLOCK GEOFOAM
Dynamic properties of EPS blocks are those parameters that are related to their
behavior under dynamic loading. EPS blocks used as a seismic buffer or EPS blocks used
in slopes subjected to earthquake loads are examples of these blocks under dynamic
loadings. Dynamic shear modulus, damping ratio and dynamic shear strain are the
dynamic properties commonly considered in seismic design. These properties have been
evaluated by cyclic-triaxial tests (stress-controlled or strain-controlled), resonant column
tests, and bender element tests.
An overview of published research on evaluation of dynamic properties of EPS
material is provided in subsequent sections.
2.1.1. Lab testing (small specimens)
In this section, lab testing that has been performed on EPS specimens will be
discussed. Dynamic behavior of EPS material has been investigated by performing a)
ultrasonic testing (Duškov 1997, b) cyclic uniaxial or triaxial testing (Duškov 1997,
Xenaki 2005, Athanasopoulos et al. 2007 (a, b)), Athanasopoulos et al. 1999,
Athanasopoulos and Xenaki 2011, Trandafir et al. 2010, Trandafir et al. 2011, Ossa and
Romo 2011, Ossa and Romo 2008), c) resonant column testing (Athanasopoulos et al.
1999, Athanasopoulos and Xenaki 2011, Xenaki 2005, Athanasopoulos et al. 2007 (a, b),
Ossa and Romo 2011), and d) bender element testing (Xenaki 2005, Athanasopoulos et
al. 2007 (a, b)).
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Duškov (1997) investigated the mechanical properties of EPS material with densities
of 15 kg/m3 and 20 kg/m3. To evaluate the dynamic properties of EPS material, he
performed a series of ultrasonic tests on specimens with density of 20 kg/m3. As shown in
Figure 1.9, the transmitter produced a wave at one end and the initiated waves were
measured at the other end by the receivers. The shear waves were passed through the
specimens and from the sound wave velocity (v), the dynamic elastic modulus (E dyn) is
calculated using Equation 2.1:

Edyn

2

V

(2.1)

The tested beam specimens had the dimensions of 50x50x300 mm and 50x50x500
mm with dynamic elastic modulus of 10 MPa and 15 MPa, respectively. Since both tested
EPS specimens have the same density and were tested under similar conditions and
procedures, the difference in dynamic elastic modulus is because of the difference in their
length. Therefore, he conducted a series of ultrasonic tests on full-size EPS blocks
(547x645x1262 mm). In these tests, the dynamic elastic modulus (Edyn) of EPS was
measured at various distances from the block edges to investigate the effect of the blocks
edges (Figure 2.1).
Figure 2.1 depicts the variation of Edyn for the points along the diagonal of the EPS
blocks. Results show that the points near to the EPS block sides have lower elastic
modulus than the points far from the sides. These results indicate the edge effects on the
estimation of dynamic elastic modulus.
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Figure 2.1. Local Edyn values on the diagonal of the block side (Duškov 1997).

Duškov (1997) also performed unconfined uniaxial cyclic loading tests on EPS15
and EPS20 with densities of 15 kg/m3 and 20 kg/m3, respectively. In these tests, static
and dynamic loading is applied to the specimens and the dynamic modulus of elasticity is
measured (Edyn). Uniaxial tests carried out can be categorized into three series: tests on
small cylindrical specimens of EPS20 (Radius, R=100 mm and Height, H=200 mm) with
stress-controlled uniaxial cyclic tests, tests on big cylindrical specimens of EPS15 and
EPS20 (R=150 mm, H=300 mm) with stress-controlled uniaxial cyclic tests and, tests on
the small specimens of EPS20 with strain-controlled cyclic loading and under low
temperature (between -8.6 and -12.9oC). The tests were performed at frequencies of 3 to
6 HZ. Results from these three tests follow:
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1) On the small scale specimens, the static loads of 15 to 30 kPa and cyclic loads of
30 and 35 kPa were applied. Dynamic modulus of elasticity of 6.1 to 8.3 MPa were
measured and Poisson’s ratios of 0.07 to 0.11 were calculated. His results show that the
effect of frequency and specimen condition (dry, wet and dried) on dynamic elastic
modulus is not significant.
2) On the larger specimens, static loads of 15 kPa were applied and dynamic loads of
10 to 50 kPa for the EPS15 and 15 to 75 kPa for EPS20 were applied. In these tests
100,000 cycles with a frequency of 4 Hz were used. The results indicate that no
significant permanent deformation occurred for cyclic stress values less than 20 kPa.
After 100,000 cyclic loads on EPS20, neither the 15 nor 30 kPa cyclic stress caused any
significant permanent strain. However, significant permanent strain occurred when the
cyclic stress component increased to 50kPa. Further increase of cyclic stress to 75 kPa
led to more significant plastic deformation. Dynamic modulus of EPS15 under cyclic
stress of 10 kPa and 20 kPa was measured as 6.1 to 5.9 MPa, respectively. It dropped to
3.9 MPa (after 100,000 loading cycles) for the cyclic stress of 35 kPa. Dynamic modulus
of EPS20 was measured around 9.3 MPa and 9.0 MPa under cyclic stress loading of 15
kPa and 20 kPa, respectively and it dropped to the 7.6 MPa under 50 kPa cyclic loading.
3) Results from the small specimens showed no significant effect from the low
temperature (between -8.6 and -12.9oc) on the dynamic modulus of EPS20. These tests
were performed under 2 and 7 %/min strain-controlled loading speeds, which was
dictated from the device limits. Specimens were tested under the 0 to 25.5kPa static loads
and cyclic loads of 30.6 and 56.0kPa. The dynamic modulus of EPS20 measured between
6.9 and 9.2MPa.
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Ossa and Roma (2011) performed a series of resonant column tests and strain- and
stress-controlled cyclic compression tests on EPS with a density range of 24 to 32 kg/m3
to investigate the dynamic behavior of these materials. Resonant column tests were
conducted on cylindrical specimens with a diameter of d=3.6 cm and height of h=8.9 cm
under confining pressures of 0, 30 and 60 kPa. The goal of performing these tests was to
measure the dynamic shear modulus and damping ratio of EPS blocks under small-strain
conditions. These tests were performed on a fixed-free Drnevich-type resonant column
machine and torsional forces were applied at the top of EPS specimen at controlled
amplitudes and frequencies.
In order to measure the dynamic shear modulus and damping ratio of EPS at higher
strain levels ( >0.01), compressive cyclic tests (cyclic triaxial tests) were also performed.
The same specimen size that were used in the resonant column test were tested. On each
of these tests twenty full cycles of 1-Hz frequency and deformation amplitudes from 0.3
to 2.0 mm under confining pressures of 0, 30 and 60 kPa were carried out. The results
from these two tests (resonant column and cyclic triaxial tests) were combined together
and shown in Figure 2.2. The dynamic shear modulus was measured directly from the
resonant column tests. To estimate the dynamic shear modulus measured from the cyclic
triaxial tests, Equation 2.2 was used.

G

E
2(1 )

(2.2)

Here, Poisson’s ratio is calculated from Equation 2.3 as suggested by Preber et al.,
(1994),
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= 0.097 + 0.003

and

0.002

(2.3)

3

is a modification factor between 1.5-2.2, which was used to provide a smooth

transition between the results of resonant column and cyclic triaxial tests. As shown in
Figure 2.2, the dynamic shear modulus decreases and damping ratio increases with
increasing shear strain. For the very small strains (between 10-4 and 10-1%), the shear
modulus and damping ratio are constant but significantly change with increasing strain.
The results shows that by increasing the EPS density, the dynamic shear modulus
increases and but it decreases with increasing confining pressure.
The EPS density and confining pressure don’t have a significant effect on the
damping ratio. The minimum damping ratio value was about 1%. As the results show, the
confining pressure has an effect on the dynamic shear modulus of EPS material.

Figure 2.2. Resonant column tests (solid symbols) and cyclic triaxial compression
test (open symbols) results by Ossa and Roma (2010).

Ossa and Roma (2011) also investigated the effect of the number of loading cycles
on the dynamic properties of EPS material based on stress-controlled cyclic triaxial tests.
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EPS cylindrical specimens with dimensions of d=10 cm and h=17 cm and densities of 25
and 30 kg/m3 under confining pressure of 0, 30 and 60 kPa were tested. Results show that
the maximum axial strain remains constant when the loading is lower than the yield stress
(as defined in section 1.2.2.1), which shows elastic strain under this condition. However,
the effect of number of cycles is significant when the loading is almost at the yield stress.
Initial maximum axial strain increases by increasing EPS density and decreases by
decreasing the confining pressure.
Trandafir et al. (2010) performed a series of stress-controlled uniaxial tests on EPS
cylindrical specimens (d=50mm and H=2d) with densities of 15 kg/m3, 25 kg/m3 and 32
kg/m3. All tests were performed under zero confining pressure and an initial static
deviator stress was applied before the beginning of cyclic loading. A maximum of 20
cyclic loads with a frequency of 0.5 Hz were applied and the dynamic Young’s modulus
of the EPS specimen were measured. Dynamic shear modulus (G) and shear strain ( )
were calculated from the Young’s modulus (E) and axial cyclic strain (

ac)

using the

following equations:

G

E
2(1 )

(2.4)

(1

(2.5)

)

ac

where is Poisson’s ‘ratio which was chosen as 0 in this research. Normalized shear
modulus and damping ratio are depicted in Figure 2.3.
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Figure 2.3. (a) Shear modulus ratio versus cyclic shear strain amplitude and (b)
damping ratio versus cyclic shear strain amplitude (Trandafir et al. 2010).

Figure 2.3 shows the results of this study in comparison with the results from cyclic
strain-controlled tests. Results of this study are fitted to the published shear modulus
degradation curves, but the damping ratio has another trend, and significant differences
between strain- and stress controlled tests results can be seen.
The results show viscoelastic behavior for cyclic axial strains up to 0.87% - 1.0%
and visco-elasto-plastic behavior for strains greater than this. The permanent plastic
strains are obtained for static stress ratios greater than 0.63 - 0.7 in combination with
cyclic deviator stress ratios greater than 0.78.
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Trandafiret et al. (2011) investigated the influence of initial (static) deviator stress on
the dynamic properties of EPS material. They performed a series of stress-controlled
cyclic uniaxial tests on cylindrical specimens (d=100 mm, h=200 mm) with a density of
25 kg/m3. Results show that the normalized Young’s modulus curves are sensitive to the
static deviator stresses, but there is not any significant effect on the damping ratio (Figure
2.4). In addition, for a range of strain less than 0.5%, damping ratio shows a decreasing
trend with increasing cyclic axial strain.

Figure 2.4. (a) Dynamic Young’s modulus ratio versus cyclic shear strain amplitude
and (b) damping ratio versus cyclic shear strain amplitude (Trandafir et al. 2011).

Athanasopoulos et al. (1999) conducted a series of resonant column and cyclic
uniaxial tests on the EPS material with mean densities of 12.4 and 17.1 kg/m3 under zero
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confining pressure. They had also used Equations 2.4 and 2.5 to convert their results with
Poisson’s ratios of -0.75 and -0.5. It seems that these negative Poisson’s ratios had been
chosen to match the shear modulus results of resonant column and cyclic uniaxial tests.
Their results show that the EPS material behaves linearly for strain values less than 0.1%
but becomes non-linear for strains greater than 1.0%. Their results showed that the
normalized shear modulus is decreasing with increasing the shear strain.
Athanasopoulos and Xenaki (2011) investigated the effect of material density
(ranging from 10kg/m3 to 30kg/m3), strain amplitude (ranging from 10-6to 10-2), confining
stress (ranging from 0 to 80kPa) and EPS sample size on the compressive resistance,
modulus of elasticity and Poisson’s ratio of EPS geofoam by performing monotonic and
cyclic triaxial, resonant column, and bender/extender element tests. In order to investigate the
effect of material density, strain amplitude and confining pressure on the dynamic modulus of
elasticity and damping ratio, cyclic triaxial tests were performed. Resonant column tests were
conducted at zero confining pressure with strain amplitudes of 10-1 to 10-6. Bender element
tests were used to evaluate the dynamic properties of EPS material for very low strains (less
than 10-6). Results show that EPS materials have a linear behavior for strain values less than
10-4, approximately linear behavior for strain between 10-4 to 10-3, and non-linear behavior
for strain greater than 10-3 (Figure 2.5).
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Figure 2.5. Normalized modulus/damping ratio vs. cyclic strain relations derived by
Athanasopoulos and Xenaki (2011) and comparison with published results
(Athanasopoulos and Xenaki 2011)

Table 2.1 provides a quick comparison between the recent research that has been
done on the EPS material based on cyclic triaxilal and resonant column devices. Most of
the authors used Equation 2.4 and Equation 2.5 with different assumptions (Table 2.1) to
come up with the shear modulus of EPS materials based on cyclic triaxial tests, but all of
them tried to match their results somehow to be in agreement with resonant column tests.
Therefore, there are two concerns regarding these results. First, are these equations
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applicable to geofoam material? second, what is the correct value for Poisson’s ratio?
Poisson’s ratio values used by the researchers are different from each other, and there is a
question as to what Poisson’s ratio is applicable during dynamic loading?
It should be mentioned that all of the authors assumed the Poisson’s ratio is constant
for the entire range of strains tested, which is not a good assumption and can cause
significant differences in results. Athanasopoulos and Xenaki (2011) showed that the
Poisson’s ratio is decreased by increasing the axial strains. On the other hand, all of these
tests were performed on small lab specimens and the effect of the specimen size has been
neglected. Duškov (1997) shows that the size of the specimens can have a significant
effect on dynamic properties. Therefore, an investigation on alternative solutions to
evaluate the dynamic shear modulus of EPS blocks is needed.

Table 2.1 Comparison between the assumptions of recent authors.
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Table 2.2 provides a summary of cyclic triaxial, resonant column and ultrasonic tests
that have been conducted on the EPS material with different densities and different
conditions.
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Table 2.2 Summary of cyclic triaxial, resonant column and ultrasonic tests on EPS material
Author

EPS (kg/m3)

Confining
pressure

20

0

20 and 15

0

Static Load

Cyclic Load

Loading
Condition

Specimen
Size

StressControlled

15-30kPa

30 and 35kPa

3-6 HZ

R=100 mm
H=200 mm

Cyclic
Uniaxial

15kPa

10 to 50
(EPS15)15to75
(EPS20)

4 HZ
(100000
loading cycles)

R=150 mm
H=300 mm

Cyclic
Uniaxial

0-25kPa

30.6 and
56.0kPa

Duškov (1997)

20

0

24 to 32

0-30-60kPa

NA

NA

25 and 30

0-30-60kPa

36-116kPa

16-75kPa

Trandafir et al.
(2010)

15 , 25 and 32

0

15-60kPa

10-57kPa

Trandafir et al.
(2011)

25

0

15-30-60kPa

1.6-75 kPa

Athanasopoulos
et al. (1999)

12.4 and 17.1

0

NA

Ossa and Roma
(2011)

Athanasopoulos
and Xenaki
(2011)

10 to 30

0 to 80kPa

NA

2 and 7 %/ min
(device
limits){4 and 14
mm/min)
1 HZ(20 full
cycles)deformation
amplitude of
0.3 to 2.0mm
1 HZ (4000
cycles)

Resonant
Column/
Ultrasonic
Ultrasonic

R=100 mm
H=200 mm

Cyclic
Uniaxial

D=36 mm
H=89 mm

Cyclic
Triaxial

Resonant
Column

Cyclic
Uniaxial

Resonant
Column

D=100 mm
H=170 mm

Cyclic
Triaxial

0.5 Hz-(20
cycles load)

D=50 mm
H=100 mm

Cyclic
Uniaxial

1.5 HZ

D=100 mm
H=200 mm

Cyclic
Uniaxial

NA

0.01-2 Hz

NA

NA

harmonic axial
loading was
approximately
equal to
1%/min
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StrainControlled

D=36 mm
H=80 mm

Cyclic
Triaxial

Resonant
Column

2.1.2. Full scale field testing
2.1.2.1. MASW
The literature search revealed a lack of evaluation of dynamic properties of EPS
material from full-scale block and full-scale field tests. The tests that Duškov (1997)
performed on the one block is apparently the largest sample that has been tested. Since
one of the objectives of this research is to obtain the dynamic properties of EPS material
by utilizing the MASW methods, an overview of literature that has been performed on
similar material or similar application of MASW is provided in the following.
Bay and Stokoe (1990) utilized the SASW (Spectral Analysis of Surface Waves)
method to investigate the stiffness and integrity of Portland cement concrete (PCC). They
performed SASW tests on 12x6x1 ft slabs of PCC cast on natural soil. To produce the
vertical seismic excitation, a piezoelectric shaker was used. Two vertically oriented
accelerometers were used as receivers and the spacing between accelerometers was
varied according to the wavelength being measured (Figure 2.6). Windowing functions
were used to eliminate the effect of the reflection waves (an exponentially decreasing
time widow). They measured the shear modulus, Young’s modulus and Poisson’s ratio of
PCC during the curing stage and their results show that SASW is a viable method for
evaluating the stiffness and integrity of PCC members.
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Figure 2.6. Cut view of the test arrangements (Bay and Stokoe 1990)

Cho (2003) utilized the SASW and impact-echo methods to evaluate the properties
of mortar/concrete slabs at an early age. Three types of specimens with design strengths
of 600, 850 and 1100 kg/m2 and sizes of 91.44x91.44x10.16 cm were tested. Tests were
also performed on cylindrical specimens from the same batches at 7, 14, 21 and 28 days
after casting. He used signal processing to create the dispersion curves. To improve the
quality of measurements, windowing functions such as hanning, hamming, and flat top.
were used. Cho developed a formula to evaluate the compressive strength of concrete
from surface wave velocity.
Cho and Lin (2005) conducted research on properties of cement mortar slabs (Figure
2.7). In order to eliminate the boundary effect, they modified the method of data
collection. They estimated the time of arrival of the reflected waves and they only
recorded the time-histories before the reflected waves arrived.
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Figure 2.7. Experimental set-up for SASW method (Cho and Lin 2005).

2.1.2.2. Shake Table
A series of shake table tests have been performed by the Japanese to evaluate the
dynamic behavior of EPS fill. The goal of these tests was to evaluate the performance of
full-scale model embankments under earthquake loads. However, they didn’t measure the
dynamic properties of EPS material from these tests. A summary of these shake table
tests is subsequently provided.
Nishikawa et al. (2001) carried out 1/5scale model tests to investigate the behavior of
EPS fill intended for road widening during earthquakes. They built up six models with EPS
D-20 to investigate the effect of retaining walls, anchors, and also the stability of self-stable
embankments in slopes (Figure 2.8). Two cm thick plates were located at depths of 60, 120,
and 180 cm to simulate the intermediate slabs. To investigate the natural frequency of the
structure, sine waves with a maximum acceleration of 50 gal were applied to investigate the
dynamic behavior of the structure. Their results show that the models without any anchors
have a residual deformation at the bottom of EPS fill under large seismic forces but failure
due to vibration was not observed. The authors indicate that their results show that the EPS
fills can remain stable by themselves. The models with the anchors showed no residual
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deformation even under large seismic forces, which shows the effectiveness of anchors in the
stability of EPS fills. Their results show a predominant response frequency between 1.3 to
2.0 Hz. Models without anchors had a high predominant frequency compared to models with
anchors, which have a lower predominant frequency (1.3 Hz). The presence of anchors
decreases the overturning forces, which decreases the ground reaction acting on the bottom
surface of the EPS blocks. Test results under various accelerations show that the ratio
between the forces in the top, middle and bottom anchors is 1:0.2:0.05 for all the magnitudes
of acceleration tested.
Nishikawa et al. (2001) also performed a series of numerical analyses which are
described in the next section.

Figure 2.8. EPS fill on the slope (Nishikawa et al. 2001).

Hotta (2001) published a paper regarding the seismic design of EPS fills in Japan. He
provided the results from shake table tests that were performed for a road widening project
by the Public Works Research Institute of the Ministry of Construction. Seven full-scale
models of embankments of EPS blocks on slopes were built and the effect of the metal
connectors, soil grade, anchors and earth pressure of backfill material were investigated. His
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results show that metal connectors are effective in preventing sliding between layers of EPS
blocks and the connectors don’t have significant effect on the resonant frequency of EPS fill.
The soil grade has a small effect on the resonant frequency of EPS fill. The effects of anchors
on stability of fill embankments were also confirmed. He asserts that the dynamic earth
pressure was the same for the different volumes of backfill material. It was also observed that
the dynamic earth pressure increases by increasing the response acceleration.
Nishi et al. (1998) conducted an investigation on stand-alone embankments of EPS
blocks. They built three models with heights of 3.3, 6.4 and 8.5 m by 5m wide. Standard EPS
D-20 blocks were used, and in order to simulate the pavement loading, ten concrete blocks
with the size of 150x100x30 cm were put on top of the embankments. They applied a series
of random sine wave accelerations as well as earthquake time-histories to the base of the EPS
embankment. Their results show that the amplification was small even under the large input
seismic motion. Their results show that the maximum response acceleration at the lowest
concrete slab is larger than the input acceleration. It was also observed that the metal
connectors spaced at intervals of one metal connector per square meter may not be sufficient
to eliminate permanent residual deformation. The EPS blocks located near the bottom were
damaged on both sides of the embankment, which confirmed the rocking motion impact.
Zarnani and Bathurst (2007) performed six scaled shake table tests (1 m high, 1.4 m

wide and 2 m long) to evaluate the reduction effect of EPS blocks on the dynamic earth
loads on retaining walls backfilled with EPS blocks due to base shaking (Figure 2.9).
They compared their results with a retaining wall backfilled with soil instead of EPS
blocks. EPS blocks with densities of 12 to 16 kg/m3 were used. They used a coring
technique to reduce the density of the blocks from 12 to 1.32 kg/m3. Their results confirm
the effect of these blocks as seismic buffers. Tests show a reduction of the dynamic loads
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of 15 to 40% compared with the control test. They also backcalculated the dynamic
elastic modulus of non-elasticised EPS material from the hysteric stress-strain plots and
they came up with similar results from the molders, which were based on laboratory
testing. The largest dynamic force attenuations were measured for the EPS materials that
were compressed past their elastic limits. The results also show that the stiffness of nonelasticised EPS materials decreased with decreasing bulk density.

Figure 2.9. Experimental shaking table test arrangement.

2.2. NUMERICAL AND ANALYTICAL INVESTIGATION
Radhakrishnan and Negussey (2011) developed finite element models to evaluate the
fundamental frequency of EPS embankments (Figure 2.10). ANSYS software was used to
create three embankments with heights of 6, 12 and 24 m. The embankments of EPS blocks
were modeled as monolithic. Therefore, discrete behavior of geofoam blocks was not
simulated. They simulated plane strain conditions and a fixed condition in both directions
(X,Y) was applied at the bottom boundary of the embankments. Harmonic accelerations of
0.5g with frequencies ranging from 0.1 to10 Hz were applied. They compared their results

56

with Kramer (1996) for soil embankments and Horvath (2004) for geofoam embankments.
Their results showed good agreement with the available formulas in the estimation of the
fundamental natural frequency of embankments.

In addition, they used a finite difference method (FLAC) to analyze the displacement
and deformation of geofoam and soil embankments. Three models with heights of 6, 12
and 24 m were built and excited by the earthquake records from the Loma Prieta
Earthquake of 1989. Free-field boundary conditions were applied to the sides and a quiet
boundary condition was applied at the bottom of the model. A damping ratio of 2% was
used for the geofoam and 5% for the soil embankments. Results show that the maximum
residual horizontal displacement occurs at the top of the EPS embankments. Settlements,
residual displacement and peak stress were much higher for the soil embankments than
EPS-block geofoam embankments.

Figure 2.10. Geofoam or soil embankment sections.

Bathurst et al. (2007) developed a simple numerical displacement model to evaluate
the compression-load-time response of EPS blocks used as seismic buffers (Figure 2.11
a). They modeled the EPS as a linear elastic material connected to the soil backfill
wedges by linear stress-dependent springs. The backfill soil was modeled as a triangular
block. The equations of motion and force equilibrium equations were developed and
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numerical investigation was performed. The results were compared with actual shake
table results published by Zarnani and Bathurst (2007). Their results show a good
agreement with experimental results.
Wang and Bathurst (2008) utilized the horizontal slice method to evaluate the
compression-load-time response of seismic buffers. The EPS blocks were modeled as
linear elastic material and the soil-backfill was modeled as a number of horizontal slices
with the height of each slice equal to 5% to 10% of the height of the retaining wall. These
slices were connected to the EPS blocks with a series of stress-dependent springs. The
equations of motions and force equilibrium equations of each slice were solved by using
an explicit time-marching finite difference approach. Their results were compared with
the scaled shake table tests performed at the Royal Military College of Canada and
published by Zarnani and Bathurst (2007). Their numerical results show reasonable
agreement with the experimental results (Figure 2.11b).

dh

Figure 2.11. a) Simple whole edge block b) Horizontal sliced model

Bathurst and Zarnani (2008) performed a numerical investigation on the same seismic

buffers reported by Bathurst et al. (2007) by utilizing the FLAC software program and
compared their results with the shake table test results of Zarnani and Bathurst (2007) and
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also the simple displacement model of Bathurst et al. (2007). Backfill soil was modeled
as a purely frictional, elastic-plastic material with Mohr-Coulomb model and Raleigh
damping. A fixed boundary at the bottom of the sand backfill was assumed and a slip
separation interface between EPS and soil was used. They modeled the EPS material in
two ways: linear elastic and non-linear material by using the equivalent–linear methods.
Their results show that all models are able to capture the trend of the load-time response
of walls with seismic buffers.
Zarnani and Bathurst (2009) performed a numerical investigation to determine the
influence of wall height: EPS geofoam type, thickness, and stiffness; and excitation record on
seismic buffer performance. FLAC software program was utilized to perform this parametric
study.
Four models with the dimensions of 1x5, 3x15, 6x30 and 9x45 m (width x length) and
EPS material with the densities of 19, 22 and 29 kg/m3 were modeled. The walls were
modeled as fully rigid with no degree of freedom and fixed velocity boundary conditions
were assigned in the x-direction of the wall. The backfill soil widths were chosen to be five
times the height of wall and modeled as an elastic-perfectly-plastic soil with the MohrCoulomb failure criterion. The EPS material was modeled as a linear-elastic purely cohesive
material. The far-end boundaries of the retained soil were chosen to be fixed in both the x and
y directions.
Slip and separation interfaces with zero thickness, 20o friction angle, and normal and
shear stiffness between 30 and 90 GPa were used to model the interaction between the EPS
blocks and retained soils. To apply the acceleration excitation, the horizontal accelerations
were applied to the bottom of and two vertical sides of the model as sinusoidal waves with a
peak acceleration of 0.7g. Their results confirm the effect of EPS material as a seismic buffer
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and shows reductions up to 55% in load in comparison with the control test. It was also
seems that the lower the EPS modulus, the greater the seismic load attenuation. The
fundamental frequency of rigid wall-sand systems with and without EPS buffers were the
same and in good agreement with predicted values using linear elastic theory. The total force
on the wall increased when the frequency of excitation reached the fundamental frequency of
the wall-sand system. An important issue that the authors observed was that the earthquake
record has an influence on the maximum earth force even for an earthquake with the same
peak and same predominant frequency.

Bartlett and Lawton (2008) performed a numerical investigation to evaluate the
seismic stability of stand-alone embankments of EPS material that were built in the I-15
Reconstruction Project in Salt Lake City, Utah. They utilized the finite difference
software program FLAC to evaluate the dynamic and deformation response of the
geofoam embankments excited by an M 7 earthquake. EPS material was modeled as
linear-elastic and hysteretic damping was applied to account for damping. The soil
material also was modeled as a linear material with 10-m thickness. To produce the
sliding between blocks, the interface option with shear and compressive strength of 102
MPa was used. The pavement loads were modeled as a layer of linear elastic material on
the top of the EPS embankments. They defined nine interfaces between layers of EPS and
soil. The first interface was defined between the geofoam and soil with a friction angle of
31 degrees, six intermediate interfaces were defined between EPS layers with a friction
angle of 38 degrees and the last interface was defined between the geofoam blocks and
the pavement. Eight horizontal earthquake records and four vertical earthquake records
were applied to the embankments. The model was constructed layer-by-layer and timestepped until force equilibrium reached. The boundary conditions were fixed at the
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bottom in both x and y directions and in the x-direction along the sides. The boundary
condition changed to a quiet boundary in both directions along the bottom of the
embankments and to a free field boundary for the sides. Their results show an acceptable
(less than 0.1 m) and unacceptable (more than 0.5 m) deformation for the input time
histories. It was also observed that the interlayer sliding increased by incorporating the
vertical component of earthquakes. All results showed that the interlayer sliding mainly
happened in the basal layers and decreased in the higher layers. The effect of rocking and
sway was also observed in some of the blocks within the embankments.

Figure 2.12. FLAC model (Bartlett and Lawton 2008).

Nishikawa et al. (2001) used a finite element program to simulate the behavior of EPS
blocks on slopes. DINAS (two/three dimensional coupled-foundation-to-structure dynamic
response analysis system) software was used to couple the interaction of EPS blocks and soil.
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Boundary conditions were chosen fixed at the bottom, rolled at the sides, and joint
elements were used between the soil and the surface of slope to apply a separation
between soil and EPS material. A method based on Newmark’s -method was used for
analysis. The soil and EPS material were defined the same as the materials used in the
actual shake table tests described in the previous section. An equivalent linear model was
used to model the EPS material, while a rigid body model was used for the soil
embankments. Their results showed good agreement between the natural frequency
calculated from the numerical analysis and Equation (2.6), which is obtained from the
single-degree-of-freedom spring modified for the EPS material on the slope.
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Their results show that applying some restrictions such as anchors or steel H-piles
can decrease the stresses. It was also observed that using the anchors can also decrease
the effect of rocking on-embankments.
Table 2.3 provides a summary of the numerical investigations that have been
conducted on the EPS material with different software programs.
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Table 2.3. Summary of seismic modeling of EPS material
Title

Author

year

Numerical type

Software

R.J. Bathurst, S.
Zarnani

2008

Finite difference method

FLAC

Elasto-plastic Mohr-Coulomb, ELM

Linear elastic purely cohesive,
Poisson’s ratio=0.1

A numerical study on the
use of geofoam to
increase the external
stability of reinforced
soil walls

K. Hatami and A. F.
Witthoeft

2008

Finite difference method

FLAC

Nonlinear Elasto-plastic material with Mohr- coulomb
failure and dilation- hyperbolic Young's modulus-Duncan

Linear elastic material--Poisson’s ratio=0.0

Shake-Table Tests and
Simulation Analyses on
EPS Fill for Road
Widening

Junichi Nishikawa
and Suguru
Watanabe, Hikaru
Hotta and Li Jun,
Hideki Tsukamoto
and Yoshihiro Sato

2001

Finite element method

DINAS

Rigid body model

An equivalent linear modelPoisson’s ratio=0.075

Numerical investigation
of geofoam seismic
buffers using FLAC

Saman Zarnani and
Richard J. Bathurst

2008

Finite difference method

FLAC

Purely frictional, elastic-plastic material with Mohrcoulomb failure criterion

Linear elastic purely cohesive,
Poisson’s ratio=0.1

Numerical parametric
study of expanded
polystyrene (EPS)
geofoam seismic buffers

Saman Zarnani and
Richard J. Bathurst

2009

Finite difference method

FLAC

Frictional material, elastic perfectly plastic material
with Mohr-coulomb failure criterion with very low
cohesion (3kPa)

linear elastic purely cohesive,
Poisson’s ratio=0.1-0.12-0.16
(different densities)

Evaluating the Seismic
Stability and
Performance of
Freestanding Geofoam
Embankment

Steven F. Bartlett1,
and Evert C.
Lawton2

2008

Finite difference method

FLAC

Elastic model

Elastic, Poisson’s ratio=0.103

Seismic Stability
Modeling and analyses
of geofoam
embankments

Finite element method

ANSYS

Elastic model

Elastic model

Radhakrishnan k.
and Negussey D.

Finite difference method

FLAC

Not Available

Not Available

Applications of EPS
Geofoam in Design and
Construction of
Earthquake Resilient
Infrastructure

Bartlett, Steven F,
Lawton, Evert C,
Trandafir Aurelian
Cand Lingwall, Bret
N.

Finite difference method

FLAC

Elastic model

Elastic, Poisson’s ratio=0.103

Numerical Modeling of
EPS Seismic Buffers

Soil model

Geofoam model

2011

2011
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Chapter 3: Approach for Accomplishing Objective 1
3. INTRODUCTION
As mentioned in Chapter 2, the NCHRP Project 24-11(02), “Guidelines for Geofoam
Applications in Slope Stability Projects,” revealed the need for a limit equilibrium
seismic analysis procedure that considers the presence of horizontal joints within an EPSblock geofoam fill mass and the seismic interaction between the adjacent upper slope
material and the EPS-block fill mass as shown in Figure. 3.1.

(Upper and adjacent

Figure 3.1. Major components of an EPS-block geofoam slope system
(Arellano et al. 2011).

Seismic loading can affect both the external and internal stability of a slope
stabilized with EPS-block geofoam. Design for external stability of the overall EPS-block
geofoam slope system considers failure mechanisms that involve the existing slope
material as well as failure mechanisms that involve both the fill mass and the existing
slope material. Failure mechanisms that are considered for external seismic stability
analysis include overall slope instability, horizontal sliding of the entire EPS-block
geofoam fill mass, overturning of a vertical-sided embankment, bearing capacity failure
of the existing foundation earth material, and settlement of the existing foundation
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material. Design for internal stability considers failure mechanisms within the EPS-block
geofoam fill mass. Failure mechanisms that are considered for internal seismic stability
analysis include horizontal sliding between layers of blocks and/or between the pavement
system and the upper layer of blocks and load-bearing failure of the EPS blocks.
The purpose of Objective 1 is to develop a method to evaluate the seismic stability of
EPS embankments based on a limit equilibrium method of analysis that considers the
effect of lateral earth pressure distribution to the EPS fill mass from the adjacent upper
slope materials and the effect of the horizontal joints between layers of EPS blocks. To
accomplish this objective, the following two tasks have been performed: 1) develop a
method to evaluate the seismic lateral earth pressure distribution behind EPS
embankments from upper slope soils and 2) develop a method based on limit equilibrium
analysis to evaluate the seismic stability of EPS embankments that considers the effect of
horizontal joints between layers of EPS blocks.
3.1. DEVELOP A METHOD TO EVALUATE THE SEISMIC LATERAL EARTH
PRESSURE DISTRIBUTION BEHIND EPS EMBANKMENTS FROM UPPER
SLOPE SOILS.
In order to evaluate the lateral earth pressure distribution behind EPS embankments
due to seismic inertia forces from the adjacent upper slope material, the horizontal slice
method (HSM) is used (Figure 3.2). HSM was originally developed by Lo and Xu (1992)
for reinforced soil walls and Shahgholi et al. (2001), Reddy (2008) and Nouri (2006;
2008) applied this procedure for seismic stability analysis of reinforced soil slopes.
Ahmad and Choudhury (2012), Ahmadabadi and Ghanbari (2009), Ahmad (2008), Azad
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et al. (2008) and Shekarian et al. (2008) used the HSM to evaluate the active lateral earth
pressure behind retaining walls.
The HSM procedure developed for this study is a limit equilibrium seismic analysis
procedure that considers the presence of horizontal joints within an EPS fill mass and the
seismic interaction between the adjacent slope material and the EPS-block geofoam fill
mass. Thus, HSM can address the need in practice identified during the NCHRP 2411(02) project of the availability of a limit equilibrium procedure for evaluating the
horizontal sliding failure mechanism as part of internal stability analysis of slopes
stabilized with EPS blocks.
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Figure 3.2. Cross-section of slope stabilized by EPS geofoam blocks.

The HSM procedure for determining the lateral earth pressure distribution from the
upper slope adjacent soil on the EPS fill mass, as proposed in this study, is a modified
HSM procedure that has been proposed by Ghanbari and Ahmadabadi (2010) for retaining
walls and Ahmadabadi and Ghanbari (2009) for reinforced walls for EPS-blocks geofoam
embankments.
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In order to evaluate the lateral earth pressure distribution behind the EPS
embankment, an assumed failure surface with angle of

from the horizontal is

considered. The soil within the trial failure wedge is divided into n horizontal slices
(Figure 3.3), which is the same as the number of EPS block layers. The limit equilibrium
equations for the ith slice are written as Equations 3.1 through 3.4. A free body diagram of
the ith slice is shown in Figure. 3.3 (b). All of the variables in this figure have been
defined in the Section 3.6 (Notation) of this chapter.
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Figure 3.3. Geometry of failure wedge.
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where,
(3.5)

W =A
is the weight of the slice.

The vertical stress is estimated by a hyperbolic tangent (tanh) function as described
by Equation 3.6 through 3.11 and shown in Figure 3.4. The vertical stress (V) is dependnt
on the depth (z) and the horizontal distance (x) from the origin.

V

(3.6)

Z (x/z)

where,
(x/z) is a correction factor as suggested by Sergein (1992) for reinforced slopes but
applied herein to the sloped geofoam/soil interface. Segrestin (1992) proposed an
estimation of vertical stress distribution from soil on the steepened sloping embankments
near the edge/face of the slope. (x/z) is a correction factor for sloped walls near the
edges of slopes (Segrestin 1992) as defined in Equation 3.7 through 3.11.
= tanh

+b

=2

=

=[

=

(3.7)
(3.8)
(3.9)

(

(

4

2

(

)

)

)

(3.10)

]

(3.11)
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Figure 3.4. Vertical stress distribution in slopes near the edge of the slope (Segrestin
1992).

Table 3.1 provides a summary of unknown parameters and known equations. As
indicated in Table 3.1, the determination of the seismic inertia forces (p i) from the
adjacent slope material involves 4n unknown parameters and 4n equations. Thus, by
solving the 4n equations simultaneously, the seismic lateral earth force (pi) for each
assumed trial wedge with varying failure angle, , is determined to find the critical failure
surface that produces the maximum total lateral earth force. Total lateral earth force is
obtained from the summation of all the lateral earth forces estimated for each slice (Pi).
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Table 3.1. Known Equations and Unknown Parameters for the Seismic Inertia
Unknown Parameters

Number of

Known Equations

Number of

Unknown

Known

Parameters

Equations

Lateral force on the EPS blocks (Pi)

n

Fx

0( For each slice)

n

Shear force on the base of slice (Si)

n

Fy

0(For each slice)

n

Horizontal inter slice forces (Hi)

n

Mo

0(For each slice)

n

Normal force on the base of slice (Ni)

n

Si

Total

4n

Total

( N i tan

cbi )

n
4n

In deriving the HSM equations shown by Equations 3.1 through 3.4, the following
assumptions, which are depicted in Figure 3.3, were made: 1) the vertical interslice forces
between horizontal slices (Vi), act at the center of the applied horizontal surface, 2) the
failure surface representing the trial wedge is assumed to be linear and passes through the
bottom edge of EPS fill mass, and 3) Ni and Pi act at the mid-height of each slice. In these
equations, Fh and Fv are the seismic inertia forces induced by an earthquake in the soil, as
shown in Figure 3.3(b), and will be estimated based on pseudo-static and pseudo dynamic
approaches as described in the subsequent sections.
3.1.1. Pseudo-static
As described in Chapter 1, estimation of lateral earth pressure behind walls utilizing
a pseudo-static approach was proposed by Okabe (1926) and Mononobe and Matsuo
(1929). In the pseudo-static method the soil behind the wall is assumed rigid with an
infinite shear wave velocity. Therefore, the seismic inertia forces are estimated based on
a contant vertical and horizontal acceleration throughtout the backfill as described by
Equations 3.12 and 3.13.
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Fhi

Wi k h

(3.12)
Fvi

Wi k v

(3.13)

The pseudo-static method is widely used due to its relative simplicity, but it suffers
from some limitations:
1. The inertia forces induced by earthquakes are estimated by time- and depthindependent seismic coefficients.
2. The general failure surface shape needs to be assumed and the critical failure
surface that produces the greatest lateral earth force must be iteratively
determined.
3. The selection of an appropriate seismic coefficient is the most important issue in
this method and is based on engineering judgment.
The pseudo-static approach was implemented in the proposed HSM method to
evaluate active lateral earth pressure behind EPS embankments. In order to evaluate the
proposed HSM method and the program code developed to implement this method, a
comparison between the proposed HSM method and available traditional methods was
performed. This comparison included 1) performing a comparison between the static
active lateral earth pressure of cohesionless soil obtained from the proposed HSM method
with Rankine theory 2) performing a comparison between the static active lateral earth
pressure of cohesionless soil obtained from the proposed HSM method with Coulomb
theory, and 3) performing a comparison between the seismic active lateral earth pressure
of cohesionless soil obtained from the proposed HSM method with the Mononobe-Okabe
method.
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A 10-m EPS-block geofoam wall with a cohesionless adjacent soil as shown in
Figure 3.5 was considered. Static and seismic active lateral earth pressure from the HSM
method and traditional methods (Rankine, Coulomb, Mononobe-Okabe), which are also
pseudo-static methods are subsequently summarized.
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Figure 3.5. Example problem geometry.

3.1.1.1. Comparison of static active lateral earth pressure of cohesionless soil
with Rankine theory
A 10 m vertical EPS-blocks geofoam wall with cohesionless adjacent soil was
considered. Friction angle of soil was chosen as 30 degrees and a density of 2000 kg/m3
was considered. The lateral earth pressure from Rankine and HSM were estimated and
compared.
The Rankine method (Rankine 1857) is based on the stress field solution that
predicts active and passive earth pressure behind walls. Rankine assumptions include a
cohesioneless backfill soil, frictionless and vertical wall and a planer failure surface.
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Equations 3.13 and 3.14 provide the Rankine active earth pressure coefficient and
horizontal active lateral earth pressure, respectively.

=
h

(3.13)

v

Ka

(3.14)

Here 'v is the effective vertical stress. Based on Rankine theory, the lateral earth
pressure behind a retaining wall has a linear variation with depth for dry, homogenous
soils as shown in Figure 3.6.

h

v

K

a

zK

a

Figure 3.6. Rankine Lateral Earth Pressure.

The total lateral earth force based on Rankine method can be obtained from the area
under the triangular lateral earth pressure distribution in Figure 3.6. as shown by
Equation 3.15.
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Pa

1 2
H Ka
2

(3.15)

The critical failure surface for the Rankine method is calculated by Equation 3.16:

= 45

/2

(3.16)

Figure 3.7 introduces the steps of the proposed HSM method in evaluating the lateral
earth pressure behind the above-mentioned example. The proposed HSM method can be
summarized in 5 steps including: 1) A 10-m wall, with cohesionless adjacent soil and
smooth geofoam/soil interface, i.e. zero friction angle between soil and wall, is assumed
(Figure 3.7a), 2) a trial failure surface with an angle of is considered (Figure 3.7b), 3)
the soil within the trial failure wedge is divided in to horizontal slices (Figure 3.7c), 4)
lateral earth pressure distribution and total lateral earth force from Equation 3.1 through
3.4 are estimated and, 5) various failure surfaces are checked (trial wedge method) to find
the critical failure surface that produces the maximum lateral earth pressure behind the
wall (Figure 3.7d).
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Figure 3.7. HSM steps in evaluation of lateral earth pressure.

The active lateral earth pressure coeffient is backcalculated by Equation 3.17.

=

(3.17)
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In the trial wedge method, the assumed failure wedge angle is changed until the
maximum total lateral earth forces (the sum of the lateral earth force of each horizontal
slice) is obtained as shown in Figure 3.7. The angle that causes the maximum lateral earth
force is chosen as the critical failure surface.

critical

Figure 3.8. Trial Wedge Method.

Figure 3.9 shows the variation of total lateral earth force by changing the failure
surface between 30 and 90 degrees. As shown in Figure 3.9, the maximum lateral earth
force is obtained at a 60-degree angle and the corresponding lateral earth force
distribution is converted to a lateral earth pressure distribution behind wall by dividing
the force at each slice by its covering area (thickness of each layer times 1 m of the
geofoam wall) as shown in Figure 3.10.
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Figure 3.9. Variation of total lateral earth pressure by .
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Figure 3.10. Earth pressure distribution behind EPS-blocks geofoam wall.
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Table 3.2 provides a comparsion between the total lateral earth force, lateral earth
pressure coefficient and critical failure surface estimated based on the HSM and Rankine
methods. Results show a good match between Rankine and HSM.

Table 3.2. Comparison of Rankine and HSM results
Input Data

H (m)
(kN/m3)
C'(kN/m2)

'

'

Pa-total (kN/m)

Ka

(Degree)

Rankine

HSM

Rankine

HSM

Rankine

HSM

327000

327000

0.3333

0.3333

60

60

10
19.62
0
30
0

kh

0

kv

0

3.1.1.2. Comparison of static active lateral earth pressure of cohesionless soil
with Coulomb theory
In order to compare the proposed method with Coulomb theory, the friction angle
between the wall and adjacent soil material is chosen as 2/3 of the friction angle of the
soil (20 degrees). Coulomb theory (after Coulomb 1776) is based on limit equilibrium
theory, which considers the failing soil mass as a free body. Limit equilibrium equations
for the whole sliding mass as shown in Figure 3.11 are considered. By solving the
equilibrium equations, the total lateral earth force from the adjacent soil on the wall is
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estimated. As a result of this method, only one single force which represents the total
lateral earth pressure from the sliding mass is calculated; therefore, the distribution of
lateral earth pressure is not provided.

Figure 3.11. Coulomb sliding mass (Das 2011).

In Coulomb theory, the active lateral earth pressure coefficient is estimated from
Equation 3.18 and total lateral earth force can be measured from Equation 3.15.

=

(

)

)

(
(

)
)

(
(

(3.18)

)
]
)

where,
is the angle of the wall, i is the slope of the backfill, ’ is the friction angle of the

soil and

is the friction angle between the soil and wall.

The same HSM procedure described in Section 3.1.1.1 and shown in Figure 3.7 is
used to estimate the lateral earth pressure behind the above-mentioned wall. By utilizing
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the trial wedge method and Equations 3.1 through 3.4 the maximum lateral earth force
and lateral earth pressure coefficient for the above-mentioned example is estimated.
Table 3.3 provides a comparison between the total lateral earth force, lateral earth
pressure coefficient and critical failure surface estimated based on HSM and Coulomb
theory. Results show good agreement between Coulomb and HSM.

Table 3.3. Comparison of Coulomb and HSM results
Input Data
Pa-total (kN/m)
Ka
Coulomb
H (m)
(kN/m3)
C'

HSM

Coulomb

HSM

(Degree)
Coulomb

HSM

10
19620
0

(kN/m2)

'

'

291664

291669

0.2973

0.2973

55.984

55.983

30
20

kh

0

kv

0

Figure 3.12 shows the variation of total lateral earth force by changing the failure
surface between 30 and 90 degrees based on HSM method. As shown in Figure 3.12, the
maximum total lateral earth force is obtained at a 59.983-degree angle and the
corresponding lateral earth pressure from the HSM method is considered as the lateral
earth pressure distribution behind the wall.
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Figure 3.12. Variation of total lateral earth pressure by

90

100

based on HSM.

Coulomb theory only provides the total lateral earth force and not the lateral earth
pressure distribution. However, the HSM method does provide a lateral earth pressure
distribution. Since there is agreement between the total lateral earth forces from the
Coulomb and HSM methods, the pressure distribution can be obtained from HSM. The
lateral earth pressure distribution behind the EPS-blocks geofoam wall from the HSM
method is depicted in Figure 3.13. As shown in Figure 3.13 the lateral earth pressure is
not linear. Non-linear distribution might be because of the assumption of non-zero
friction between the soil and the EPS-blocks geofoam.
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Figure 3.13. Lateral earth pressure distribution.

3.1.1.3. Comparison of seismic lateral active earth pressure of cohesionless soil
with Mononobe-Okabe method
In order to evaluate the proposed HSM method in the seismic condition, the pseudostatic results calculated from the HSM are compared with the Mononobe-Okabe method.
Okabe (1926) and Mononobe and Matsuo (1929) developed a method, based on the
pseudo-static approach, for evaluating the seismic lateral earth force behind retaining
walls. In the Mononobe-Okabe method, an assumed failure surface is chosen and
equilibrium equations for the whole sliding mass are considered (Figure 3.14). The
Mononobe-Okabe method is similar to Coulomb theory but it considers the effect of
seismic forces as well. By solving the equilibrium equations, the total lateral earth force
from the adjacent soil on the wall is estimated. As a result of this method, only one single
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force which represents the total lateral earth force from the sliding mass is calculated;
therefore, the distribution of lateral earth pressure is not provided.

Figure 3.14. Mononobe-Okabe sliding mass (Dass 2011).

Mononobe-Okabe defined the lateral earth pressure coefficient by Equtions 3.18 and
the total lateral earth force by Equation 3.19. The Mononobe-Okabe method is
recommended by AASHTO 2010 in evaluation of seismic lateral earth pressure behind
retaning walls.

K AE
PAE

2

cos 2 (
cos cos
1
2

K AE H

2

2

)
cos(

)

1

sin(

) sin(
) cos(i

cos(

i)
)

(3.18)
(3.19)

1 kv ,

Where,
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friction angle of soil (deg),
friction angle between soil and assumed wall (deg),
k
arctan( h ),
1 kv
slope of the asummed back of wall to the vertical (deg) (Note that
i

is negative in sign in this case.),

back of wall slope angle (deg),

kh

horizontal acceleration coefficient,

kv

vertical acceleration coefficient,

PAE = total (static and dynamic) active earth pressure force,
R = resultant of the shear and normal forces on the surface of failure,
Ws = effective weight of the soil wedge,
H height of the soil face, and
unit weight of soil.

The pseudo-static method is considered and the lateral earth forces behind the EPS
embankments based on the HSM and Mononobe-Okabe method were calculated. A 10-m
wall, with cohesionless adjacent soil and 20-degree friction angle between the soil and
the EPS-block geofoam wall is considered. The same HSM procedure described in
Section 3.1.1.1 and shown in Figure 3.7 is used to estimate the lateral earth pressure
distribution and force behind the above-mentioned wall. The only difference is that the
horizontal inertia forces (Fhi) due to earthquakes as defined through Equation 3.12 are
also considered. By utilizing the trial wedge method and Equations 3.1 through 3.4 the
maximum lateral earth force and lateral earth pressure coefficient for the abovementioned example is estimated.
Table 3.4 provides a comparison between active seismic total lateral earth force and
the magnitude of seismic active earth pressure coef cients estimated base on the
horizontal slice method and Mononobe-Okabe for EPS embankments with zero back

84

inclination and under horizontal seismic acceleration between 0 to 0.3 g. Results indicate
good agreement between the proposed HSM method and Mononobe-Okabe method.

Table 3.4. Comparison of the Mononobe-Okabe and HSM results
Input Data

P a -total (kN/m)

Kh
Method
H (m)
3

(N/m )
C (kN/m2)

Kv

0
HSM

0.05
M-O

HSM

0.15

0.1
M-O

HSM

M-O

HSM

0.2
M-O

HSM

0.25
M-O

HSM

0.3
M-O

HSM

M-O

10 291669.7 291664.9 323316.4 323345.2 358914.3 358963.8 399246.8 399288.8 445356.1 445336.7 498465.9 498495.6 560740.7 560739.1
Kae
0.05
0.1
0.15
0.2
0.25
0.3

19620
0
0
30
HSM
M-O
20
0 0.2973 0.2973

HSM

M-O

HSM

M-O

HSM

M-O

HSM

M-O

HSM

M-O

HSM

M-O

0.3296

0.3296

0.3659

0.3659

0.4070

0.4070

0.4540

0.4540

0.5081

0.5082

0.5716

0.5716

Figure 3.15 provides a comparsion between the static and seismic active lateral earth
pressure distributions for the non-cohesive soil with friction angle of 30 o and =2/3
based on the HSM method. As shown in Figure 3.15, the lateral earth pressure
distribution measured from HSM shows a nonlinear variation with depth. Non- linear
variation of lateral earth pressure behind walls has been reported in the literature (Ghosh
2010, Ghanbari and Ahmadabadi 2010 and Ahmadabadi and Ghanbari 2009).
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Figure 3.15. Lateral earth pressure distribution based on HSM.

As mentioned in the introduction of this chapter, the primary goal of the above
sections is to evaluate the proposed HSM method and the related program code. The
results show good agreement with the traditional limit equilibrium methods such as
Rankine (Rankine 1857), Coulomb (Coulomb 1776) and Mononobe-Okabe (Okabe 1926;
Mononobe and Matsuo 1929) in the estimation of total static and total seismic lateral
earth pressure, static and seismic lateral earth pressure coefficient and the critical failure
surface. Results of HSM method show a non-linear variation of lateral earth pressure
behind the EPS-blocks geofoam wall. A parametric study of seismic lateral earth pressure
is summarized next
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3.1.1.4. Parametric Study
In order to investigate the effect of various parameters including the friction angle of
the soil ( ’), the friction angle between the soil and the EPS-blocks geofoam wall (

),

the back inclination of the EPS-blocks geofoam wall ( ) and the horizontal acceleration
coefficient (kh), a parametric study was performed. A 10-m EPS-blocks geofoam wall
and cohesionless adjacent soil with a density of 20 kg/m3 (unit weight of 19.62 kN/m3)
were considered. The proposed horizontal slice method was used to estimate the total
seismic lateral earth pressure (Pa-total) and the seismic lateral earth pressure (kae) for the
above-mentioned example problem by varying the investigation parameters ( ’,

,

and kh). Results from the HSM method are compared with results from the traditional
Mononobe-Okabe method to evaluate the proposed method.
In slope stability analysis, the seismic horizontal acceleration (i.e. khg) used in
practice is commonly lower than the peak ground acceleration (PGA) (Kavazanjian et al.
1997; Munfakh et al. 1998). The primary reason for using a seismic horizontal
acceleration coefficient lower than the PGA is that the soil is not a rigid material and the
peak ground acceleration due to earthquakes lasts only for a short period of time (Kramer
1996, Duncan and Wright 2005, Melo and Sharma 2004). Therefore, considering the
seismic horizontal acceleration coefficient (kh) as the peak ground acceleration is a
conservative assumption that will lead to a very uneconomical slope design (Abramson et
al. 2002). Examples of typical seismic coefficients used in practice are: 1) in the range of
0.05 to 0.15 in the state of California, 2) in the range of 0.12 to 0.25 in Japan, 3) 0.1 for
major earthquakes and 0.15 for great earthquakes recommended by the U.S. Army Corps
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of Engineers (Abramson et al. 2002). In this study the seismic acceleration coefficient
(kh) is chosen in the range of the 0 to 0.3.
The seismic vertical acceleration coefficient (kv) is generally ignored in practice. The
reasons for not considering the seismic vertical acceleration coefficient (kv) in design are
that 1) the peak vertical ground acceleration generally does not occur at the same time as
the peak horizontal ground acceleration, and 2) the vertical ground accelerations
generally have a different phase and frequency than the horizontal ground accelerations
and therefore can acts in different directions (FHWA-NHI 11-032). Therefore, in this
study, the seismic vertical acceleration coefficient (kv) has not been considered.
The friction angle of the soil ( ’) was considered in a range of 25 to 55 degrees and
the friction angle between the soil and the EPS-blocks geofoam wall (

) was assumed

as 0, 1/3, 1/2, 2/3 and 1 fraction of the soil friction angle. The slope of the back of the
EPS-blocks geofoam wall (back inclination of wall) is changed from zero (vertical EPSblocks geofoam wall) to 50 degrees. A summary of the above-mentioned parametric
study is provided in next.
Table 3.5 provides a comparison of the seismic lateral earth pressure (P ae) and
seismic lateral earth pressure coef cients (Kae) estimated based on the horizontal slice
method and Mononobe-Okabe for EPS embankments with various backfill soil friction
angles ( ), EPS wall back inclination ( ) of zero and horizontal seismic acceleration (kh)
of 0-0.3g.
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Table 3.5. Seismic lateral earth pressure (Pae) and seismic lateral earth pressure
coef cients (Kae) – Effect of Changing

a) kh=0.1
Input Data

P ae- total (kN/m)
25

Method
H (m)

10

HSMPseudo
429380

(N/m3)

19620

C (kN/m2)

0
0
2/3

HSMPseudo

0.1

0.4377

Kh

35

30
M-O
429370

HSMPseudo
358914

M-O
358960

HSMPseudo
300301

30

25
M-O

HSMPseudo

0.4377

0.3659

40
HSMM-O
Pseudo
300290 250750
Kae

35
M-O

HSMPseudo

0.3659

0.3061

45
M-O
250760

HSMPseudo
208404

40
M-O

HSMPseudo

0.3061

0.2556

50
M-O
208450

HSMPseudo
171872

45
M-O

HSMPseudo

0.2556

0.2124

M-O
171940
50

M-O

HSMPseudo

M-O

0.2125

0.1752

0.1753

b) kh=0.2
Input Data

P ae -total (kN/m)
25

Method
H (m)

10

HSMPseudo
528768

35

30
M-O
528780

HSMPseudo
445356

M-O
445340

3

(N/m ) 19620
C (kN/m2)
0
0
2/3
Kh
0.2

25
HSMPseudo
0.5390

30
M-O

HSMPseudo

0.5390

0.4540

40
HSMM-O
Pseudo
376960 319723
Kae

HSMPseudo
376962
35

M-O

HSMPseudo

0.4540

0.3843

45
M-O
319710

HSMPseudo
270936

M-O
0.3843

0.3259

M-O
271000
45

40
HSMPseudo

50
HSMPseudo
229001

M-O

HSMPseudo

0.3259

0.2762

M-O
228990
50

M-O

HSMPseudo

M-O

0.2762

0.2334

0.2334

c) kh=0.3
Input Data

P ae -total (kN/m)
25

Method
H (m)

10
3

HSMPseudo
669883

(N/m )

19620

C (kN/m 2)

0
0
2/3

HSMPseudo

0.3

0.6829

Kh

30
M-O
669730

HSMPseudo
560741

25

35
M-O
560740

HSMPseudo
476482

30
M-O

HSMPseudo

0.6827

0.5716

40
HSMM-O
Pseudo
476460 407973
Kae

35
M-O

HSMPseudo

0.5716

0.4857

45
M-O
407920

HSMPseudo
350647

40
M-O

HSMPseudo

0.4857

0.4159
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50
M-O
350600

HSMPseudo
301745

45
M-O

HSMPseudo

0.4158

0.3574

M-O
301710
50

M-O

HSMPseudo

M-O

0.3574

0.3076

0.3076

Results show a complete agreement between the HSM and the Mononobe-Okabe
method for all of friction angles and all seismic horizontal accelerations (kh). HSM results
indicate that by increasing the friction angle of the soil, the total seismic lateral earth
force (Pae-total) and seismic lateral earth pressure coefficient (Kae) decrease and by
increasing the seismic horizontal acceleration (kh), the total seismic lateral earth force
(Pae-total) as well as the seismic active lateral earth pressure coefficient (Kae) increase,
which agrees with the Mononobe-Okabe method. Therefore, the HSM procedure
provides acceptable values for the range of friction angles considered.
Table 3.6 provides a comparison of seismic lateral earth pressures (Pae) and seismic
lateral earth pressure coef cient (Kae) estimated based on the HSM and Mononobe-Okabe
method for EPS embankments with various backfill/wall soil friction angles ( ), zero
back inclination of wall ( ) and under seismic acceleration (kh) of 0-0.3g.
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Table 3.6. Seismic lateral earth pressure (Pae) and Seismic lateral earth pressure
coef cients (Kae) – Effect of Changing

a) kh=0.1
Input Data

P ae -total (kN/m)

Method
H (m)

10

0
HSMPseudo
388999

1/3
M-O
389020

HSMPseudo
366289

M-O
366300

3

(N/m ) 19620
C (kN/m2)
0
0
30
Kh
0.1

0
HSMPseudo
0.3965

1/2
HSMM-O
Pseudo
360878 360910
Kae

1/3
M-O

HSMPseudo

0.3966

0.3734

2/3
HSMPseudo
358914

1/2
M-O

HSMPseudo

0.3734

0.3679

M-O
358960
2/3

M-O

HSMPseudo

M-O

0.3679

0.3659

0.3659

1
HSMPseudo
364966
1
HSMPseudo

M-O
365030

M-O

0.3720

0.3721

1
HSMPseudo
462268

M-O

b) kh=0.2
Input Data

10

0
HSMPseudo
464236

19620
0
0
30

0
HSMPseudo

0.2

0.4732

Method
H (m)
3

(N/m )
C (kN/m2)

P ae -total (kN/m)

Kh

1/3
M-O
464270

HSMPseudo
445768

M-O
445790

1/2
HSMM-O
Pseudo
443438 443440
Kae

1/3
M-O

HSMPseudo

0.4733

0.4544

2/3
HSMPseudo
445356

1/2
M-O

HSMPseudo

0.4544

0.4520

M-O
445340
2/3

1
HSMPseudo

462300

M-O

HSMPseudo

M-O

0.4520

0.4540

0.4540

0.4712

0.4713

M-O

1
HSMPseudo
597143

M-O

M-O

c) kh=0.3
Input Data

P ae- total (kN/m)
0

Method
H (m)

10

HSMPseudo
558470

1/3
M-O
558510

HSMPseudo
548589

M-O
548570

3

(N/m )
19620
C (kN/m2)
0
0
30
Kh
0.3

0

1/2
HSMM-O
Pseudo
551933 551890
Kae

1/3

2/3
HSMPseudo
560741

1/2

560740
2/3

597140

1

HSMPseudo

M-O

HSMPseudo

M-O

HSMPseudo

M-O

HSMPseudo

M-O

HSMPseudo

M-O

0.5693

0.5693

0.5592

0.5592

0.5626

0.5626

0.5716

0.5716

0.6087

0.6087
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The seismic total lateral earth forces (Pae) and seismic lateral earth pressure
coef cients (Kae) measured from the HSM method shows a good agreement with the
results from the Mononobe-Okabe method. Results indicate that by increasing the seismic
horizontal acceleration (kh), the total seismic lateral earth force as well as the seismic
lateral earth pressure coefficient (Kae) increase, which agrees with the Mononobe-Okabe
method. Therefore, the HSM procedure provides acceptable values for the range of soil/
EPS wall ( ) friction angles considered.
Table 3.7 provides a comparison between seismic lateral earth pressures estimated
based on the HSM and Mononobe-Okabe method for EPS embankments with various
back inclinations of the wall ( ) and under seismic acceleration (kh) of 0-0.3g.

Table 3.7. Seismic lateral earth pressure (Pae) and Seismic lateral earth pressure
coef cients (Kae) – Effect of Changing

a) kh=0.1
Input Data

P ae -total (kN/m)
0

Method
H (m)

10

(kN/m3)

19.62

C (kN/m2)

0
30
20

Kh

0.1

HSMPseudo
Static
358914

10
M-O
358960

HSMPseudo
Static
289222

0
HSMPseudo
Static
0.3659

20
M-O
290020

HSMPseudo
Static
227220

10
M-O

HSMPseudo
Static

0.3659

0.2948

30
HSMM-O
Pseudo
Static
230160 169207
Kae

20
M-O

HSMPseudo
Static

0.2956

0.2316

40
M-O
174550

HSMPseudo
Static
113326

30
M-O

HSMPseudo
Static

0.2346

0.1725
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50
M-O
119630

HSMPseudo
Static
59061

M-O
0.1779

0.1155

63884
50

40
HSMPseudo
Static

M-O

M-O

HSMPseudo
Static

M-O

0.1219

0.0602

0.0651

b) kh=0.2
Input Data

P ae -total (kN/m)
0

Method
H (m)

10

(kN/m3)

19.62

C (kN/m2)

0
30
20

Kh

0.2

HSMPseudo
Static
445356

10
M-O
445337

HSMPseudo
Static
375506

0

20
M-O
370123

HSMPseudo
Static
311777

10

30
HSMM-O
Pseudo
Static
306223 250274
Kae

20

40
M-O
247579

HSMPseudo
Static
188087

30

50
M-O
189103

HSMPseudo
Static
122948

40

M-O
126291
50

HSMPseudo
Static

M-O

HSMPseudo
Static

M-O

HSMPseudo
Static

M-O

HSMPseudo
Static

M-O

HSMPseudo
Static

M-O

HSMPseudo
Static

M-O

0.4540

0.4540

0.3828

0.3773

0.3178

0.3122

0.2551

0.2524

0.1917

0.1928

0.1253

0.1287

c) kh=0.3
Input Data

P ae -total (kN/m)
0

Method
H (m)

10

(kN/m3)
2

C (kN/m )

M-O
560740

HSMPseudo
Static
492805

20
M-O
475850

HSMPseudo
Static
429284

0
30

0.3

0
HSMPseudo
Static
0.5716

10
M-O

HSMPseudo
Static

0.5716

0.5023

30
HSMM-O
Pseudo
Static
406530 366472
Kae

19.62

20
Kh

HSMPseudo
Static
560741

10

20
M-O

HSMPseudo
Static

0.4851

0.4376

40
M-O
345100

HSMPseudo
Static
300333

30
M-O

HSMPseudo
Static

0.4144

0.3736

50
M-O
285030

HSMPseudo
Static
227354

40
M-O

HSMPseudo
Static

0.3518

0.3061

M-O
219440
50

M-O

HSMPseudo
Static

M-O

0.2905

0.2318

0.2237

Results show a good agreement between the HSM and the Mononobe-Okabe
method. The small differences are because of the stepped shape of the EPS
embankments. As shown in Figure 3.16, the back of the EPS embankments are stepped,
but the Mononobe-Okabe method does not consider the stepped shape. The MononobeOkabe method models the wall with a line as shown in Figure 3.16.
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HSM
M-O

Zi

?
O

Figure 3.16. Difference between Mononobe-Okabe and HSM on modeling the back
of wall slope.

Results indicate that by increasing the slope of the back of the EPS-blocks geofoam
wall ( ), the total seismic lateral earth force (Pae) and seismic lateral earth pressure
coefficient (Kae) decrease and by increasing the seismic horizontal acceleration (kh), the
total lateral earth pressure (Pae) as well as the seismic lateral earth pressure coefficient
(Kae) increase, which is in good agreement with the Mononobe-Okabe method.
Therefore, the HSM procedure provides acceptable values for the range of back
inclinations considered.
In summary, the proposed HSM method can evaluate the total seismic lateral earth
force (Pae) and seismic lateral earth pressure coefficient (Kae) with good agreement with
the Mononobe-Okabe method. Where the Mononobe-Okabe method can only provide the
total lateral earth force, the HSM method can also estimate the distribution of lateral earth
pressure behind the EPS-blocks geofoam wall.
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3.1.2. Pseudo Dynamic
Pseudo-static analysis is based on the assumption that the soil behind the wall has a
constant acceleration through the full height, which means that the soil is rigid with
infinite shear wave velocity. As mentioned in Chapter 2, centrifuge test results indicate
that earthquake-induced accelerations will have a phase and amplitude change behind a
retaining wall as the earthquake shear wave travels from the base of the wall to the
surface of the backfill (Steedman and Zeng 1990).
In the pseudo-dynamic approach, the seismic inertia forces are estimated based on a
time- and depth-dependent acceleration as described by Equations 3.20 and 3.21.

Fhi

Wi Akh (t , z )

(3.20)

Fvi

Wi Akv (t , z )

(3.21)

Here Akh(t,z) and Akv(t,z) are the horizontal and vertical accelerations at various
depths for a specific time. Pseudo-dynamic analysis considers the phase and amplitude
change of the earthquake-induced accelerations with depth instead of the constant value
that is commonly used in pseudo-static analysis. Therefore, this investigation will be
conducted in two parts: 1) considering only the effect of the phase change with depth and
2) considering the effect of both phase and amplitude change with depth.
3.1.2.1. Influence of phase change:
In order to consider the effect of phase change with depth, a sinusoidal excitation
will be considered (Figure 3.17). Modeling the earthquakes with a sinusoidal excitation in
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pseudo-dynamic analysis has been assumed by various researchers such as Azad et al.
(2008), Kolathayar and Ghosh (2009) and Steedman and Zeng (1990).

Figure 3.17. Phase change of base excitement by depth (Azad et al. 2008).

Based on the pseudo-dynamic analysis, the accelerations at each depth due to
sinusoidal exitation can be estimated by:

Akh (t , z )

k h g sin( (t

H Z
))
Vs

A kv (t , z )

k v g sin( (t

H Z
))
Vp

(3.22)
(3.23)

2
T

(3.24)

In these equations, H is the height of the wall, VS and VP are the shear and p-wave
velocity of the soil behind the wall and T is the period of lateral shaking of the soil
behind the EPS wall. It should be mentioned that the term

H Z
is the time that it takes
Vs

for the wave to travel from the base of the wall up to a depth Z from the surface of the
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backfill. The following assumptions will be considered in evaluating the influence of
phase change:
1) The shear wave velocity and shear modulus of the soil behind the EPS wall are
considered constant with depth. Steedman and Zeng (1990) showed that the effect of
phase change due to varying distribution of shear modulus and shear wave velocity with
depth is minimal.
2) The amplitude of the earthquake-induced acceleration will be kept constant with
depth and only the effect of phase change on lateral earth pressure will be investigated.
Tajimi (1973) investigated the dynamic lateral earth pressure distribution on a
basement wall using two-dimensional wave propagation. His results show that the
dynamic earth pressure distribution and phase change are dependent on a dimensionless
frequency parameter,

H
. Therefore the acceleration coefficient is normalized in a way
Vs

that considers this factor as shown below:

H
Vs

2
H
T
Vs

2

H
TVs

(3.25)

TVs

(3.26)

TV p

(3.27)

Akh (t , z )

k h g sin( (t

H Z
))
Vs

k h g sin( 2 (

t
T

H

Z

Akv (t , z )

k v g sin( (t

H Z
))
Vp

k h g sin( 2 (

t
T

H

Z
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))

(3.28)

))

(3.29)

The dimensionless factors and have also been used by Steedman and Zeng
(1990), Nimbalkar and Choudhury (2007), Ghosh (2008 and 2010) and Kolathayar and
Ghosh (2009).
Figure 3.18 depicts the variation of acceleration with depth for a kh=0.2g horizontal
acceleration and =33.33 for various t/T ratios.(The

factor is based on an approximation

of the natural period of the soil from T = 4H/Vs (Kramer 1997).
As shown in Figure 3.18, the acceleration (Akh) varies with depth (z) with a
maximum amplitude of 0.2g. As mentioned before, the variation of acceleration with
depth is due to the phase change of the acceleration. As shown in Figure 3.18, Akh is
constant with depth (0.2g) and T is not considered in pseudo-static analysis.

AKh(Horizontal Acceleration, g)
-0.25 -0.2 -0.15 -0.1 -0.05 0
0.05 0.1 0.15
0

0.2

0.25

1
2

t/T=0
t/T=0.125

3

Z(m)

4
5
6
7

t/T=0.25
t/T=0.375
t/T=0.5
t/T=0.625
t/T=0.75
t/T=0.875
t/T=1

8
9

Pseudo Static

10

Figure 3.18. Variation of acceleration with depth for various t/T.
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The phase change along the example wall is depicted in Figure 3.19. As shown in
Figure 3.19 the accelerations at mid-height and at the top of the wall have a phase lag
from the base excitement. This phase lag is because of the time that it takes for a sine
wave to travel from the bottom to the surface of the soil behind the EPS embankment.

0.25
0.2

Acceleration (g)

0.15
0.1
0.05

BASE

0
-0.05 0

0.2

0.4

0.6

0.8

1

Mid-height
Top

-0.1
-0.15
-0.2
-0.25

t/T

Figure 3.19. Variation of acceleration by time.

In order to determine the maximum seismic lateral earth forces from the adjacent soil
on the EPS-block geofoam wall, all the possible t/T ratios (in a range of 0 < t/T < 1 with a
t/T step of 0.01) were considered. The total lateral earth forces for all the possible t/T
ratios were estimated and the lateral earth pressure distribution corresponding to the
maximum lateral earth force was chosen as the maximum seismic lateral earth pressure.
For the proposed example, the maximum lateral earth pressure is reached at t/T = 0.45
with an acceleration distribution as shown in Figure 3.20. This time (t/T = 0.45) almost
corresponds to the time at which the acceleration at the mid-height of the wall reaches its
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maximum value (as shown in Figure 3.19, t/T = 0.4). This observation that the maximum
lateral earth pressure occurs at a t/T ratio where the acceleration at the mid-height of the
wall reaches its maximum has also been reported by Steedman and Zeng (1990).
Steedman and Zeng (1990) showed that the maximum seismic earth pressure is
approximately in phase with the acceleration at mid-depth and they suggested it as the
most appropriate value to use for design.

AKh (Horizontal Acceleration, g)
0

0.05

0.1

0.15

0.2

0.25

0
1
2
3
t/T=0.45

Z (m)

4
5
6

Pseudo Static

7
8
9
10

Figure 3.20. Variation of acceleration with time that produces the maximum
lateral earth
pressure.

Figure 3.21 depicts the static, pseudo-static and pseudo-dynamic lateral earth
pressure distributions behind the example wall, a 10-m high EPS embankment with zero
back inclination. As mentioned before and shown in Figure 3.20, the acceleration
magnitudes (Akh) used in pseudo-dynamic analysis are lower than the constant
acceleration used in pseudo-static analysis (k h = 0.2) and therefore, as shown in Figure
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3.21, the lateral earth pressures estimated from the pseudo-dynamic approach are slightly
lower than those from the pseudo-static method.

0

Pa (Aactive Earth Pressure, kN/m2)
20
40
60

80

0
Static

1

kh=0.2-Pseudo-static

2

kh=0.2-Pseudo-dynamic-Fa=1

3

Z (m)

4
5
6
7
8
9
10

Figure 3.21. Comparison between lateral earth pressures.

Table 3.8 provides a comparison between the total seismic lateral earth forces
calculated for the example wall with zero back inclination under various horizontal
accelerations. The pseudo-dynamic seismic lateral earth forces and the magnitude of the
seismic active earth pressure coefficients are lower than those from the pseudo-static and
Mononobe-Okabe approaches because of the lower accelerations that have been used in
the pseudo-dynamic analysis.
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Table 3.8. Magnitude of total seismic active earth force and seismic active earth pressure
Input Data

Pa-total

Kh

0.1

Method
H (m)

10 358914
3

(N/m )
C (kN/m2)

Kv

HSMHSMPseudo Pseudo
Static Dynamic
351873

19620
0.1
0
HSM30 HSMPseudo Pseudo
20
Static Dynamic
0 0.3659

0.3587

0.2
M-O
358964

M-O
0.3659

HSMHSMPseudo Pseudo
Static Dynamic

0.3
M-O

445356

HSMHSMPseudo Pseudo
Static Dynamic

427069 445337
Kae
0.2
HSMHSMPseudo Pseudo M-O
Static Dynamic

0.3
HSMHSMPseudo Pseudo
Static Dynamic

0.4540

0.5716

0.4353

0.4540

560741

524059

0.5342

M-O
560739

M-O
0.5716

Figure 3.22 provides the static, pseudo-static and pseudo-dynamic lateral earth
pressure distributions behind an EPS embankment with a 10-degree back inclination. As
shown in Figure 3.22, the pseudo-dynamic lateral earth pressure is lower than the pseudostatic pressure because the acceleration amplitude at each depth is lower than the 0.2-g
acceleration used in the pseudo-static analysis.
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0

20

Pa (Lateral Earth Pressure, KN/m2)
40
60

80

100

0
0.1

Pseudo-static

0.2
Pseudo-dynamic

0.3

Z/H

0.4

Static

0.5
0.6
0.7
0.8
0.9
1
Kh=0.2, Kv=0, =10o, =2/3 , c=0, =300

Figure 3.22. Comparison between lateral earth pressure distributions.

Table 3.9 provides a comparsion between the seismic lateral earth pressures
calculated with the Monono-Okabe, pseudo-static and pseudo-dynamic methods of
analysis for various back inclinations. Results show that the lateral earth pressure
measured from pseudo-dynamic analysis are slightly lower than those from the pseudostatic and Mononobe-Okabe methods for the range of EPS wall back inclinations
considered.
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Table 3.9. The magnitude of seismic active earth pressure coef cients
Input Data

P ae -total (kN/m)
0
HSMHSMPseudo Pseudo
Dynamic Static

Method
H (m)

10

10
M-O

HSMHSMPseudo Pseudo
Dynamic Static

427068.9 445356.1 445336.7 357094

375506

20
M-O
370123

HSMHSMPseudo Pseudo
Dynamic Static
293570

311777

3

(kN/m ) 19620
C (kN/m2)

0
30
20

Kh

0.2

0
HSMHSMPseudo Pseudo
Dynamic Static
0.4353

0.4540

10
M-O
0.4540

HSMHSMPseudo Pseudo
Dynamic Static
0.3640

0.3828

30
M-O

HSMHSMPseudo Pseudo
Dynamic Static

306223 232535
Kae

20
M-O
0.3773

HSMHSMPseudo Pseudo
Dynamic Static
0.2993

0.3178

250274

40
M-O

HSMHSMPseudo Pseudo
Dynamic Static

247579

171375

M-O

HSMPseudo
Dynamic

M-O
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In summary, the phase change of the earthquake-induced accelerations with EPSblock geofoam embankment depth has an effect on the total seismic lateral earth force,
seismic lateral earth pressure coefficient and also the distribution of lateral earth pressure
behind the EPS embankment. Estimation of seismic lateral earth pressure with respect to
phase change provides a lower lateral earth pressure behind the EPS wall than pseudostatic methods. Results confirm the Steedman and Zeng (1990) observations that the
maximum seismic earth pressure is approximately in phase with the maximum
acceleration at mid-depth.
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3.1.2.2. Influence of phase change and amplification factor:
As shear waves travel from the bottom up to the surface of the adjacent soil backfill
behind the EPS wall, the amplification/deamplification occurs from the bottom up to the
backfill surface. This amplification/deamplification is dependent on factors such as the
geometry and rigidity of the adjacent structure, the stiffness and damping of the soil, and
the depth of the soil layer. (Steedman and Zeng 1990).
In order to consider the effect of amplitude amplification/deamplification with depth
on the lateral earth pressure, the linear variation of acceleration shown in Figure (3.23)
will be considered. The acceleration at depth z from the ground surface is estimated by:

Akh (t , z )

1

Akv (t , z )

1

H

Z
H

H

Z
H

( fa 1) K h g sin( (t

H Z
))
Vs

( fa 1) K v g sin( (t

H Z
))
Vp

2
T

(3.30)

(3.31)
(3.32)

Where fa is a constant amplification coefficient and varies linearly with depth from
the base to the surface of the backfill (Figure 3.23). It should be noted here that by
considering fa values greater than one, it is assumed that waves are amplified and by
considering fa values less than one, it is assumed that waves are deamplified.
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Figure 3.23. Amplification of base excitement with depth (Ghosh 2008).

Figure 3.24 depicts the variation of acceleration with depth for the amplification
factor of 1.4 for the proposed example in this section with a horizontal acceleration of
0.2-g and varing t/T ratios. As shown in Figure 3.24, the accelerations on top of the EPS
wall for some of the t/T ratios are higher than the constant acceleration used in pseudostatic analysis (0.2-g) due to the amplication factor that has been considered in analysis.
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Figure 3.24. Variation of acceleration with depth for various t/T.

The static, pseudo-static and pseudo-dynamic (with amplification factors of 1 and
1.4) seismic lateral earth pressure distributions for the proposed example are shown in
Figure 3.25. Results show that the seismic lateral earth pressure estimated based on
pseudo-dynamic analysis with amplification are higher than pseudo-static analysis on top
of the backfill soil. The amplification factor leads to higher acceleration coefficients on
top of the backfill soil and therefore higher seismic lateral earth pressures.
As shown in Figure 3.25, the earthquake-induced acceleration that consider both
phase change and amplification factors has a significant effect on the seismic lateral earth
pressure distribution behind EPS embankments. Since EPS embankments consist of
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horizontal layers of EPS blocks, evaluation of the seismic lateral earth pressure at each
depth is essential. Therefore, seismic stability of EPS embankments is dependent on the
distribution of seismic lateral earth pressure.
Results from this study show that designing EPS slope-stabilized projects based on
the pseudo-static analysis can be unconservative. As shown in Figure 3.25, the lateral
earth pressure estimated from the pseudo-dynamic method with an amplification factor of
1.4 is greater than the pseudo-static seismic lateral earth pressure at the top and lower at
the bottom of the EPS embankment. Therefore designing based on the pseudo-static
method of analysis may lead to a lower and critical factor of safety on top and
unnecessarily higher factor of safety at the bottom of the EPS walls, which might cause
an internal instability in the EPS embankment.
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Figure 3.25. Comparison between lateral earth pressures.

Table 3.10 provides a comparison between the total seismic lateral earth forces and
seismic lateral earth pressure coefficients behind an EPS embankment estimated from the
Mononobe-Okabe theory, HSM- pseudo-static and pseudo-dynamic methods. The results
show that the total seismic lateral earth force behind the EPS embankments estimated
from pseudo-static analysis is lower than for pseudo-dynamic analysis with amplification
factors higher than 1.2. Therefore, amplification factor, besides its effect on the seismic
lateral earth pressure distribution, can have a significant effect on the total seismic lateral
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earth force. Unreal estimation of the total seismic lateral earth forces behind the EPS
embankments can cause an external instability of whole EPS embankments.

Table 3.10. The effect of amplification factor on total seismic lateral forces.
Input Data

P ae -total (kN/m)

fa

NA
HSMPseudo
Static

Method
H (m)

10

(kN/m3)
C (kN/m2)

19620
0
30
20

Kv

1

0

1.1

1.2

1.3

M-O

445356

445337

NA
M-O

0.4540

0.4540

1.5

1.6

1.7

1.8

1.9

2

HSM-Pseudo Dynamic
427069
1

HSMPseudo
Static

1.4

438638

450644

463066

1.1

1.2

1.3

475930
Ka-total
1.4

489269

503115

517505

532478

548077

564349

1.5

1.6

1.7

1.8

1.9

2

0.5275

0.5428

0.5587

0.5753

HSM-Pseudo Dynamic
0.4353

0.4471

0.4594

0.4720

0.4851

0.4987

0.5129

Figure 3.26 provides a comparison between the total seismic lateral earth forces
estimated from the pseudo-static and pseudo-dynamic methods. As depicted in Figure
3.26, the total lateral earth force estimated from the pseudo-dynamic analysis is higher
than for the pseudo-static analysis for amplification factors higher than1.15.
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Figure 3.26. Comparison between pseudo-static and pseudo-dynamic
results.
Table 3.11 provides the same comparison as in Table 3.10 for a wall with a back
inclination of 10 degrees. The importance of the amplification factors on total seismic
lateral earth forces and the magnitude of seismic lateral earth pressure coefficient is also
confirmed for EPS walls with back inclination through the results of this study. As shown
in Table 3.11, the pseudo-dynamic approach for an EPS wall with a 10-degree back
inclination also provides higher seismic lateral earth pressures and seismic lateral earth
pressure coefficients for amplification factors greater than 1.2.
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Table 3.11. The effect of amplification factor on total seismic lateral forces.
Input Data

P ae -total (kN/m)- =10

fa

NA
HSMPseudo
Static

Method
H (m)

10

1

375505.8 370123.1

3

2

0
30
20

Kh

0.2

1.2

1.3

1.4

M-O

(kN/m ) 19620
C (kN/m )

1.1

M-O

0.3828

0.3773

1.6

1.7

1.8

1.9

2

HSM-Pseudo Dynamic
357094 368659.4 380779.9 393321.4 406314.6 419793.2
Ka-total- =10
1

NA
HSMPseudo
Static

1.5

1.1

1.2

1.3

1.4

1.5

433863

448663 464074.6 480143.5 496922.1

1.6

1.7

1.8

1.9

2

0.4574

0.4731

0.4894

0.5065

HSM-Pseudo Dynamic
0.3640

0.3758

0.3882

0.4009

0.4142

0.4279

0.4423

Outcomes of this study show that with respect to the amplification factors, either the
pseudo-static or pseudo-dynamic analysis can be dominant and cause the maximum
lateral earth pressure from the adjacent natural slope on EPS-block embankments.
Therefore, it is recommended to perform both pseudo-static and pseudo-dynamic analysis
to evaluate the maximum lateral earth pressure behind EPS-block geofoam
embankments.
In summary, in Section 3.1. of this chapter, a method based on the horizontal slice
method for evaluation of the seismic lateral earth pressure distribution behind EPS
embankments from upper slope soils is developed. Pseudo-static and pseudo-dynamic
approaches were implemented into the proposed method and results from both
approaches were compared to estimate the critical (maximum) seismic lateral earth
pressure behind the EPS-block geofoam embankments from upper adjacent slope soils.
As mentioned in the introduction, the purpose of Objective 1 is to develop a method
to evaluate the seismic stability of EPS embankments based on limit equilibrium analysis
that considers the effect of lateral earth pressure distribution on the EPS fill mass from
the adjacent upper slope materials and the effect of the horizontal joints between layers of
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EPS blocks. Section 3.1 provides a method to evaluate the seismic lateral earth pressure
distribution behind EPS embankments from adjacent slope soils. In the next step, Section
3.2, a method based on limit equilibrium analysis to evaluate the seismic stability of EPS
embankments that considers the effect of horizontal joints between layers of EPS blocks
will be proposed.
3.2. DEVELOP A METHOD BASED ON LIMIT EQULIBRIUM EQUATIONS TO
EVALUATE THE SEISMIC STABILITY OF EPS EMBANKMENTS THAT
CONSIDERS THE EFFECT OF HORIZONTAL JOINTS BETWEEN LAYERS
OF EPS BLOCKS.
After the seismic inertia forces from the adjacent soil are determined, HSM can be
utilized to determine the critical internal horizontal failure surface within the EPS fill
mass. For example, Figure 3.27 illustrates three potential failure surfaces.

Hi

1out EPS

Hi

1out Soil

Figure 3.27. (a) Internal and external failure surfaces, (b) Acting forces on failure
surface 1.

Each failure surface within the EPS fill mass is divided into n horizontal slices where
n is equal to the number of EPS layers. A typical free body diagram for each horizontal
slice is shown in Figure 3.28. The associated limit equilibrium equations have been
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developed to evaluate the seismic stability of various failure surfaces (Equations 3.33
through 3.37).

Vi
S
Fhi

N

FVi

Wi
H i+1-EPS/EPS

+

H i+1-EPS/Soil

Vi+1

Figure 3.28. Free body diagram of i th slice.
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H

0

(3.33)

i 1out EPS / EPS

(3.34)

i 1out EPS / EPS

1 Vi 1
(
tan
FS L 1

I i )( L
1)
EPS / EPS i

(3.35)

i 1out EPS / Soil

1 Vi 1
(
tan
FS L 1

Ci )( L
1)
EPS / Soil i

(3.36)

N

N

N

Fx

0

Hi

khWi

1out

i 1

i 1

Ni

(3.37)

0

i 1

where,
Vi and Hi =

Vertical and horizontal interslice forces

C'

=

Cohesion between soil and EPS blocks

Ii

=

Mechanical connectors resistance

kh

=

Horizontal acceleration coefficient

kv

=

Vertical acceleration coefficient

Si

=

Shear force on the side of slice

=

Friction angle of the soil

LEPS/EPS

=

Length of contact of EPS/EPS
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LEPS-Soil

=

Length of contact of EPS/Soil

Ni

=

Normal force on the base of slice

Pi

=

Pressure on the EPS blocks

Table 3.12 provides a summary of the unknown parameters and known equations. As
indicated in Table 3.12, analysis of each failure surface involves 2n+1 unknown
parameters and 2n+1 equations. Therefore, the factor of safety for each failure surface
can be determined by simultaneously solving the 2n+1 equations. The critical failure
surface is the one that yields the minimum factor of safety.

Table 3.12. Known Equations and Unknown Parameters for the Internal HSM
Unknown Parameters

Number of

Known Equations

Number of

Unknown

Known

Parameters

Equations

Vertical inter slice forces (Vi)

n

Horizontal inter slice forces (Hi)

n

F.S.

1

Total

2n+1

0(For each slice)

n

( For each slice)

n

0(For Whole Edges)

1

Fy
f
r

F .S
Fx

Total
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2n+1

3.3. RECOMMENDED DESIGN GUIDLINE BASED ON LIMIT EQULIBRIUM
ANALYSIS
This section provides a summary of recommended seismic design procedure for
slopes stabilized with EPS-blocks geofoam based on limit equilibrium analysis. As
mentioned before, Arellano et al. (2011 a; 2011 b) provide the design guidelines for the
use of EPS-blocks geofoam in slope stabilization and repair through the NCHRP 24-11(02) report. The recommended seismic design procedure provided in this section is an
updated version of seismic design of NCHRP 24-11-(02) report.
In summary, the proposed updated seismic design procedure for slopes stabilized
with EPS-blocks geofoam based on limit equilibrium analysis includes 4 steps: 1)
Estimating the seismic-response acceleration of the natural soil or rock below the EPS fill
mass and determining the NEHRP amplification factor for site 2) Estimating the seismicresponse acceleration at the top of the EPS fill mass, 3) Determining the seismic inertia
forces from adjacent slope material, and 4) Evaluating horizontal sliding (internal and
external) failure mechanisms. Figure 3.29 provides a flowchart of the proposed design
steps.
First step (step 6.1 of Figure 3.29) of the proposed seismic deign is developing the
seismic response acceleration of the natural soil or rock for the investigation site. The
spectral response acceleration with a seven percent probability of exceedance in 75 years
is recommended by AASHTO 2010. The USGS seismic hazard curves (available at
http://earthquake.usgs.gov/hazards/designmaps/aashtocd.php) can be used for this
analysis. After the seismic response acceleration is determined, the NEHRP site
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amplification factor can be determined as a function of soil site class, Type A through F
(AASHTO 2010) and mapped peak ground motion (PGA), as shown in Table 3.13.

Table 3.13.Values of Site Factor, Fpga, at Zero-Period on Acceleration Spectrum
(AASHTO 2010)
Site
Class

Mapped Peak Ground Acceleration (PGA)1
PGA<
PGA=
PGA =
0.10
0.20
0.30
0.8
0.8
0.8
1.0
1.0
1.0
1.2
1.2
1.1
1.6
1.4
1.2
2.5
1.7
1.2
-

PGA =
0.40
0.8
1.0
1.0
1.1
0.9
-

PGA>
0.50
0.8
1.0
1.0
1.0
0.9
-

A
B
C
D
E
F2
Notes:
1
Use straight-line interpolation for intermediate values of PGA.
2
Site-specific geotechnical investigation and dynamic site response analysis should be performed
for all sites in Site Class F.

After the seismic response acceleration and NEHRP amplification factor are defined,
the seismic response acceleration at the top of the EPS fill mass should be determined
(Step 6.2 of Figure 3.29). The recommended procedure by NCHRP 24-11(02) in
determination of seismic response acceleration on top of the EPS fill is also
recommended in this study. The NCHRP 24-11(02) report recommends a simplified
seismic response method based on a single degree of freedom in evaluation of seismic
response acceleration on top of the EPS embankment. This method consists of following
four steps: (a) estimate the fundamental period of the EPS-block geofoam embankment,
(b) determine the maximum horizontal acceleration (Sa), (c) Calculate the maximum
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horizontal acceleration coefficient (kh) (d) evaluate the seismic inertia forces produced by
the horizontal acceleration.
The determination of the seismic inertia forces from the adjacent slope on the EPSblock geofoam embankment is the next step in seismic design of slopes stabilized with
EPS-block geofoam (Step 6.3 of Figure 3.29). Outcomes of this study show that with
respect to the amplification factor, either pseudo-static or pseudo-dynamic analysis can
be dominant and produce the maximum lateral earth pressure from the adjacent natural
slope on the EPS-block embankments. Therefore, in order to estimate the maximum
seismic lateral earth pressure from adjacent soil on the EPS embankment, it is
recommended to perform both pseudo-static and pseudo-dynamic analyses as described
in Section 3.1 of this study.
The last step (Step 6.4 of Figure 3.29) in seismic design of slopes stabilized with
EPS-block geofoam based on limit equilibrium analysis is to evaluate the seismic
stability of the EPS embankment. The seismic stability analysis procedure is separated
into external and internal seismic stability analyses. As mentioned in Chapter 1, design
for external seismic stability considers the overall stability of the EPS-block geofoam
slope system and considers failure mechanisms that involve the existing slope material
only, as well as failure mechanisms that involve both the fill mass and the existing slope
material.
The failure mechanisms that are considered for external seismic stability analysis
include slope instability, horizontal sliding of the entire EPS-block geofoam fill mass,
overturning of a vertical-sided embankment, bearing capacity failure of the existing
foundation earth material, and settlement of the existing foundation material. Design for
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internal seismic stability considers failure mechanisms within the EPS-block geofoam fill
mass only. Failure mechanisms that are considered for internal seismic stability analysis
include horizontal sliding between layers of blocks and/or between the pavement system
and the upper layer of blocks and load bearing failure of the EPS blocks.
Outcomes of this study provide a new method to evaluate the external and internal
seismic horizontal sliding of EPS-block geofoam embankments. The proposed horizontal
slice method in Section 3.2 of this chapter can be used to evaluate the external and
internal seismic horizontal sliding of EPS-block geofoam embankments. In order to
demonstrate the above-mentioned steps in seismic design of slopes stabilized with EPSblock geofoam, a case history example is provided in subsequent sections.
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Figure 3.29. Overview of updated seismic design guidelines based on limit equilibrium
analysis.
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3.4. DESIGN EXAMPLE
This section provides an example of the proposed seismic design procedure through
a case history evaluation. Seismic stability of NY Route 23A, a case history that involves
the use of EPS-block geofoam to stabilize a roadway embankment on slope, is presented
here.
In this project 2817 m3 of EPS-block geofoam was used to increase the static slope
stability factor of safety of 1.0 to over 1.25 (Jutkofsky 1998). A cross-section of the
existing slope, including the failure surface, is shown in Figure 3.30. The subsurface soil
at the centerline of the roadway consists of 1.5 m of gravely silt fill, 4.3 m of layered
clayey silt and silty clay overlaying 10.7 m of clayey silt.

Figure 3.30. Cross-section of NY Route 23A slope failure (Jutkofsky et al. 2000).

A preliminary analysis of the existing slope identified a circular failure surface of the
slope. This circular slip surface began near the centerline of the existing NY Route 23A
and day-lighted at the toe of the slope near Schoharie Creek, which was defined from the
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location of the surface scarp as well as by data gathered from inclinometers installed in
the slope (Arellano et al. 2011). The back-calculated data used in the Simplified Bishop’s
Method and Janbu’s Method, includes a unit weight of 120 lb/ft 3 (18.8 kN/m3), an
effective friction angle of 20 degrees, and an effective cohesion of 0 lb/ft 2 for the soil
(Jutkofsky 1998).
Slope stability analysis showed that replacing 2.8 m of soil with EPS-block would
increase the factor of safety to the targeted value (1.25). Therefore, EPS blocks with
dimension of 0.6 m by 1.2 m by 2.4 m and nominal density values of 20 kg/m3 were used
as depicted in Figure 3.31. Friction coefficients between geofoam blocks and between
geofoam and crushed stone drainage layer were taken as 0.7 and 0.5, respectively
(Jutkofsky et. al. 2000). These values correspond to 27- and 35- degree friction angles.
In order to preserve the geofoam embankment from the ground water, an L-shaped
subsurface drainage system consisting of 0.61 m of crushed a stone and 0.3-m perforated
pipe were installed. A 10-cm reinforced concrete slab for load distribution and protection
was placed on top of the geofoam embankment. An average 1-m thick subbase layer was
placed above the concrete slab material.
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Figure 3.31. Cross-section of NY Route 23A slope failure
(Jutkofsky et al. 2000).

In order to limit the vertical joints, the geofoam blocks were installed in staggered
pattern. In a staggered pattern, the geofoam blocks in each layer are placed perpendicular
to the underlying layer as shown in Figure 3.32.

3.05 m

11.38 m

Figure 3.32. Cross-section of NY Route 23A slope failure
(Jutkofsky et al. 2000).
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In order to evaluate the seismic stability of EPS embankments, the following four
recommended steps have been investigated: 1) Estimate the seismic-response
acceleration of the natural soil or rock at the base of the EPS fill mass and determine the
NEHRP amplification factor for the site 2) Estimate the seismic-response acceleration at
the top of the EPS fill mass, 3) Determine the seismic inertia forces from adjacent slope
material, and 4) Evaluate the horizontal sliding (internal and external) failure
mechanisms.
1) Estimating the seismic-response acceleration of the natural soil or rock at the
base of the EPS fill mass and determining the NEHRP amplification factor for site:
The response spectral acceleration with a seven-percent probability of exceedance in
75 years is recommended by ASHHTO 2010. Using the USGS seismic hazard curves for
the bridges and assuming a site class of E, the site-modified acceleration response
spectrum was developed. The site-modified response spectrum provides Sa = 0.1370 g for
this site (shown in Figure 3.33) and therefore, the horizontal seismic coefficient for
pseudo-dynamic analysis is:

kh

Sa
g

0.1370

(3.38)
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Figure 3.33. Design response spectra for NY Route 23A site.

As mentioned before, NEHRP site amplification factor can be determined as a
function of soil site class and mapped peak ground motion (PGA). The NEHRP site
amplification factor for the proposed project, shown as Fpga in Figure 3.33, is 2.5. A
NEHRP site amplification factor of 2.5 will be used in pseudo-dynamic analysis.
2) Estimating the seismic-response acceleration at the top of the EPS fill mass
After estimating the free surface motion acceleration in Step 1, the seismic-response
acceleration at the top of the EPS-block geofoam fill mass must be estimated. NCHRP
24-11 (02) recommend a simplified seismic response method based on a single-degreeof-freedom model in evaluation of seismic response acceleration on top of the EPS
embankment. This method consists of the following steps: (a) estimate the fundamental
period of the EPS-block geofoam embankment, (b) determine the maximum horizontal
acceleration (Sa), (c) Calculate the maximum horizontal acceleration coefficient (kh) (d)
evaluate the seismic inertia forces produced by the horizontal acceleration
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a) Estimate the fundamental period of the EPS-Block geofoam embankment
NCHRP 24-11-02 proposed a method for estimating the fundamental period of the
EPS fill mass in the slope. In this method, the SDOF model is used to estimate the
resonant period, To, of the EPS fill mass in slope applications by converting the sloped
EPS cross-section shown in Figure 3.34a to a stand-alone embankment cross-section that
has an equivalent EPS cross-sectional area that is equal to the actual cross-sectional
area of the EPS-block geofoam slope system as shown by Model 1 in Figure 3.34b and
Model 2 in 3.34c (Arellano et al. 2011a). Equation 3.39 can be used to obtain To for each
of the two models. The higher of the two spectral acceleration values, Sa, obtained from
the site-modified acceleration response spectrum can be used to determine the seismic
coefficient, i.e., kEPS-block = Sa/g, which can be used in a pseudo-static and pseudodynamic stability analyses.

T0

2

'v0 H
Et i g

H
4
B

2

1

12
1
5

2

(3.39)

where

T0

= resonant period of the SDOF system

H

= height of embankment

Et i

= initial tangent Young’s modulus of the EPS

g

= gravitational constant = 9.81 m/s2 = 32.2 ft/s2

B

= embankment width
=

Poisson’s ratio for the EPS (typically taken to be

0.1 within the

elastic range as is applicable for lightweight-fill applications)
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a) EPS fill mass in slope
Lumped mass of
pavement system & load
distribution slab (if any)

Lumped mass of
pavement system & load
distribution slab (if any)

B

B’

EPS Blocks =
massless, elastic
canilever beam

H’

EPS Blocks =
massless, elastic
canilever beam

H

H’ selected so model has same
area as actual EPS fill

B’ selected so model has same
area as actual EPS fill

b)

c)

Figure 3.34. Approximate (simplified) seismic modeling of an EPS fill
(Arellano et al. 2011a).

The resonant period of the EPS fill mass is calculated using Equation 3.39 and
parameters of:

' vo = vertical effective stress at the top of the EPS blocks due to dead loads only
(the assumed pavement system with unit weight of 20kN/m3 was considered)
= (1 m)(20000 N/m3) = 20 kN/m2
A= cross sectional area of EPS, from Figure 3.32 = 25.7 m2
H = height of EPS-block geofoam fill = 3.05 m

H' = equivalent height of EPS-block geofoam fill (yielding A=25.7 m2 with B) =
2.26 m

Eti = initial tangent Young’s Modulus of the EPS = 11.2 MPa
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g = gravitational constant = 9.81 m/s2
B = width of EPS-block geofoam fill = 11.38 m
B' = equivalent width of EPS-block geofoam fill (yielding A=25.7 m2with H) =
8.43 m
= Poisson’s ratio for the EPS = 0.1
The resonant period of the EPS fill mass for both Model 1 and Model 2 shown in
Figure 3.34 by using Equation 3.39 were determined as

2

T1

2

(20000 N / m )(3.05 ft )
3.05m
4
2
(11.2Mpa)(9.81 m / s )
8.43 m
2

T2

2

(20000 N / m )(2.26 ft )
2.26m
4
2
(11.2Mpa)(9.81 m / s )
11.38 m

1

2

12
1 0.1
5
2

2

0.26 sec
1

12
1 0.1
5

2

0.21 sec

The above natural periods of the EPS fill are used to determine the spectral
acceleration value (Sa-EPS-block) for the EPS fill from the site-modified response spectrum
as shown in Figure 3.35.
b) Determine the maximum horizontal acceleration (Sa)
The maximum spectral acceleration, Sa-EPS-block, is determined from the site response
spectrum with the respect to the period of the EPS-geofoam block. As shown in Figure
3.35, the Sa for both of the above natural estimated periods is the same and equal to 0.13g.
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Sa

T2

T1

Figure 3.35. Determine the maximum horizontal acceleration (Sa-EPS-block).

(c) Calculate the maximum horizontal acceleration coefficient (kEPS-block)
The maximum horizontal acceleration coefficient (kEPS-block) can be obtained from
Equation 3.40.

kEPS-block = Sa-EPS-block/g = 0.13

(3.40)

As mentioned before, in this study only horizontal acceleration is considered.
(d) Evaluate the seismic inertia forces produced by the horizontal acceleration
The seismic inertia forces due to the seismic horizontal acceleration coefficient in the
EPS fill mass can be determined through Equation 3.41:

Fh-EPS = kEPS-blockW

(3.41)
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3) Determining the seismic inertia forces from adjacent slope material,
After the seismic response acceleration on the base and top of the fill mass is
determined, the seismic inertia forces from the adjacent slope on the EPS-block geofoam
embankment must be determined (Step 6.3 of Figure 3.29). Outcomes of this study show
that with respect to the amplification factor of the site, either pseudo-static or pseudodynamic analysis can result in the maximum lateral earth pressure from the adjacent
natural slope on the EPS-block embankments. Therefore both pseudo-static and pseudodynamic analyses were performed.
The pseudo-static and pseudo-dynamic methods with an amplification factor of 2.5,
as described in Section 3.1.2 of this chapter, were used to develop the lateral earth
pressure behind the EPS embankments. The soil parameters were chosen equal to the
backcalculated values provided by Jutkofsky et al. (2000). A summary of the parameters
used in this example is provided in Table 3.13.
Table 3.13. Used parameters in design
Parameters

Assumed Values

’ (degrees)

20

(degrees)

2/3 ’

(degrees)

0

c (kN/m2)
(kg/m3)

0
1922

EPS/EPS friction angle (degrees)

27

EPS/Soil friction angle (degrees)

37

kh

0.1370
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The subbase of the road pavement on top of the EPS embankment and the adjacent
soil behind the EPS wall was considered as a surcharge load. Pavement surcharge on top
of the EPS embankment increases the vertical stresses between the EPS blocks and
therefore increases the frictional resistance between them. Pavement surcharge on top of
the adjacent soil increases the estimated lateral earth pressure behind the EPS
embankment.
Figure 3.36 provides the lateral earth pressure distribution behind the EPS
embankment. The pseudo-dynamic analysis provides a higher total seismic lateral earth
force (95,371 kN/m) than the pseudo-static analysis (80,483 kN/m). Therefore, the
pseudo-dynamic lateral earth pressure was considered as the critical lateral earth pressure
behind the example wall.

Pa (Seismic lateral earth pressure, kN/m2)
0

10

20

30

40

1
Pseudo-Static
Pseudo-Dynamic (fa=2.5)

Depth (m)

2

3

4

Figure 3.36. Lateral earth pressure behind example EPS embankment.

131

4) Evaluating the horizontal sliding (internal and external) failure mechanisms
After the seismic inertia forces from the adjacent soil determined, HSM is utilized to
determine the critical internal and external horizontal failure surface of the EPS fill mass.
To illustrate the calculations involved, limit equilibrium equations are written for a
generic failure surface i next.

Failure Surface i

3.05 m

11.38 m

Figure 3.37. Internal and external failure surfaces examples.

Failure Surface i
Failure surface i consists of 3 layers, (N = 3), and therefore 7 equations (2N+1) are
written as follows:
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5.43 m

Failure Surface

Layer 1

0.61 m
0.85

Layer 2
Layer 3

3.05 m

11.38 m

Figure 3.38. Layering for internal failure surface i.

Layer 1:
[(0.6 5.43 1)(m) 20(kg / m3 )] 9.81(m / s 2 ) 0.64 kN

W1 V

P1 10.24 kN (Area under the curve in Figure 4.34 between 1 and 1.61 m depth)
S1

0

kv

0

Fv

0

From Equation 3.33:
V2 V1 W1 S1

0

V2 V1 0.64 0 0

From Equation 3.35:

H 2out

1
(V2 tan
FS

EPS / EPS

I1 )

L1
L

H 2out

1
0.85
(V2 tan 27)
FS
5.43

Layer 2:
V3 V2 W2
H 3out

S2

1
(V3 tan
FS

0

V3 V2 0.73 0
I2 )

L2
L

H 3out

0

1
2.71
(V3 tan 27)
FS
6.10

Layer 3:
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V4 V3 W3 S3
H 4out

V4 V3 0.58 0

0

1
(V4 tan
FS

I3)

L3
L

H 4out

1
4.88
(V4 tan 27)
FS
4.88

For whole edges, from Equation 3.37:
H 2out

H 3out

H 2out

H 4out

H 3out

( Fa1 khW1 Fa2 k hW2

H 4out

Fa3 khW3 ) EPS

P1

0

(1.9 0.1371 0.64 1.7 0.1371 0.73 1.5 0.1371 0.64)(kN )

10.24( kN ) 0

It should be noted that Fa for the EPS blocks was assumed equal to the amplification
of the site, 2.5, increases linearly with depth through the EPS embankment as well. As
mentioned before, the subbase material is considered as a surcharge and therefore V1 will
be the weight of the surcharge on the top of the EPS embankment (the weight of the
concrete slab is small and was neglected).
After the limit equilibrium equations are developed, the resulting of 7 equations are
solved simultaneously to reach the factor of safety for this assumed failure surface.

V2 V1 0.64 0
H 2out

V1 106.11kN

1
0.85
(V2 tan 27)
F .S
5.43

V2

V3 107.48kN

V3 V2 0.73 0
H 3out

V4

1
2.71
(V3 tan 27)
6.10
F .S

V4 V3 0.58 0
H 4out

1
4.88
(V4 tan 27)
4.88
F .S

H 2out

H 3out

H 4out

106.75kN

(10.70)(kN )

H 2out

1.03kN

H 3out

2.96kN

H 4out

6.71kN

F .S

0
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108.06kN

8.05

Results show a factor of safety of 8.05 for the assumed failure surface. This step
needs to be performed for all the available failure surfaces and the critical failure surface
is the one that yields the minimum factor of safety. It should be noted here that the
driving forces due to the lateral earth pressure of the adjacent soil (P) are much higher
than the driving forces due to the inertial seismic forces of the EPS blocks (Fh=kEPSblock W).

Therefore, the failure surfaces that are started from the adjacent soil material and

continued throughout the entire length of EPS embankment (as shown in Figure 3.39) are
more critical than the stepped failure surfaces within the embankment. As a result,
checking the failure surfaces between the layers might provide the lowest factor of safety,
but screening all the joints between the layers of EPS for more complicated EPS
embankments such as embankments with shear keys is recommended.

Failure Surface 1
Failure Surface 2
3.05 m

Failure Surface 3
Failure Surface 4
Failure Surface 5
11.38 m

Figure 3.39. Possible critical failure surfaces.

Table 3.14 provides a summary of the factor of safety estimated for failure surfaces 1
through 5 of Figure 3.39. As shown in Table 3.14 the critical failure surface is Failure
Surface 5 with a factor of safety of 0.968. Therefore, as a result of this study, the
proposed case history will fail due to an earthquake with horizontal acceleration of
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0.137g. This failure will be through external horizontal sliding of the whole EPS
embankment.

Table 3.14. Factor of safety for possible critical failure surfaces
Critical Failure Surface
Failure Surface 1
Failure Surface 2
Failure Surface 3
Failure Surface 4
Failure Surface 5

P1

W

khFa

Fh (Wkhfa)

V

10.2
23.32
39.02
56.22
80.13

0.651
0.832
1.010
1.151
1.361

0.260
0.233
0.206
0.178
0.151

0.170
0.194
0.208
0.205
0.205

106.761
107.593
108.603
109.754
111.115

27
27
27
27
37

Vtan( )

F.S

53.381
53.796
54.301
54.877
77.781

5.148
2.288
1.384
0.973
0.968

3.5. CONCLUSIONS
A method to evaluate the seismic stability of EPS embankments based on limit
equilibrium methods of analysis that considers the effect of the lateral earth pressure
distribution on the EPS fill mass from the adjacent upper slope material and the effect of
the horizontal joints between layers of EPS blocks was developed as part of Objective 1
of this study and is shown in Figure 3.29.
The NCHRP 24-11(02) project revealed the need for a limit equilibrium seismic
analysis procedure for analyzing slopes stabilized with EPS blocks. HSM can address this
need and can be used to evaluate the seismic stability of slopes stabilized with EPS-block
geofoam. Therefore, as a part of this study, a method based on HSM utilizing both
pseudo-static and pseudo-dynamic approaches was developed to incorporate the effect of
the adjacent soil on the EPS-block geofoam embankment and also evaluate the internal
and external horizontal sliding of EPS embankments.
The proposed method for estimating seismic lateral earth pressure was verified with
traditional limit equilibrium pseudo-static methods such as the Rankine method (Rankine
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1857), Coulomb method (Coulomb 1776) and Mononobe-Okabe method (Okabe 1926;
Mononobe and Matsuo 1929). In order to investigate the effect of various parameters
including the friction angle of soil ( ’), the friction angle between soil and EPS-blocks
geofoam embankment ( ' ), the back inclination of the EPS-block geofoam wall ( ) and
the horizontal acceleration coefficient (kh) on the seismic lateral earth pressure behind
EPS walls, a parametric study was performed. Results show a good agreement with the
traditional limit equilibrium methods in estimation of total static and total seismic lateral
earth pressures, static and seismic lateral earth pressure coefficients and the critical
failure surface. Results showed a non-linear variation of lateral earth pressure behind
EPS-block geofoam embankments.
Outcomes of this study show that with respect to the amplification factors, the
results of either pseudo-static or pseudo-dynamic analysis can be dominant and can
calculate the maximum lateral earth pressure from the adjacent natural slope on EPSblock embankments. Therefore, it is recommended that both pseudo-static and pseudodynamic analyses be performed to evaluate the maximum lateral earth pressure behind
the EPS-block geofoam embankments.
Results from pseudo-dynamic analysis support the observations reported by
Steedman and Zeng (1990) that the maximum earth pressure on the wall is approximately
in phase with the acceleration at the mid-depth and suggest it as the most appropriate
value to use for design.
A method based on the horizontal slice method was developed to determine the
critical horizontal slip surface through the horizontal joints between layers of EPS blocks.
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A case history, NY Route 23A, was investigated to demonstrate the recommended
seismic analysis procedure shown in Figure 3.29.
The advantages of HSM versus traditional slope stability limit equilibrium methods
based on vertical slices are that HSM can be used to estimate the seismic inertia forces
from the soil adjacent to the EPS fill mass and to determine the critical horizontal slip
surface through the horizontal joints between layers of EPS blocks. Additionally, HSM
can be incorporated in limit equilibrium slope stability software packages.
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3.6. NOTATION
The following symbols are used in this paper:
A

=

Area of each slice

C

=

Cohesion of soil

C'

=

Cohesion between soil and EPS blocks

h

=

Slice thickness = H/n (Fig. 3)

H

=

Total height (Fig. 3)

Ii

=

Mechanical connectors resistance

kh

=

Horizontal acceleration coefficient

kv

=

Vertical acceleration coefficient

L

=

Length of the EPS layer (Fig. 3)

LEPS/EPS

=

Length in contact of EPS/EPS

LEPS-Soil

=

Length in contact of EPS/Soil

Ni

=

Normal force on the base of slice

Pi

=

Pressure on the EPS blocks

Si

=

Shear force on the base of slice

Vi and Hi =

Vertical and Horizontal interslice forces

W

Weight of the slice

=

XG and YG

=

X and Y position of the center of area for each slice

=

Friction angle of the soil

=

Friction angle between soil and EPS blocks

=

Trial failure wedge slope

=

Correction factor for the slopped walls

=

Unit weight of
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Chapter 4: Approach for Accomplishing Objective 2
4. INTRODUCTION
There are two commonly used approaches for evaluating the seismic behavior of
slopes during earthquakes: force-based limit equilibrium methods and displacementbased methods (Vahedifar 2011). Traditional force-based limit equilibrium methods have
been widely used in practice due to their relative simplicity and the experience that
geotechnical engineers have accumulated over many years with their use (Liu et al.
2012). Limit equilibrium methods are recommended and implemented in various design
guidelines, manuals and software programs (Sica, S. 2002). However; they cannot
properly address the post-earthquake serviceability of slopes (Vahedifar 2011).
Serviceability of the slopes (performance of slopes under earthquakes) relies more on the
permanent deformation of slopes than on the equilibrium of forces in the slopes.
The need to evaluate the post-earthquake serviceability of slopes causes a shift from
the traditional force-based design methods to displacement-based design methods.
Displacement-based design is commonly performed by utilizing displacement-based
analytical methods or numerical methods (deformation analysis). The displacement-based
analytical method was first developed by Newmark (1965) and modified by numerous
investigators such as Makdisi and Seed (1978), Yegian et al. (1991) and Steedman
(1998). However, in traditional-based displacement analytical methods, the slope is
modeled as a rigid block and the stress–strain behavior of the soil is neglected. Thus, the
deformation of the soil is not considered in seismic stability of slopes based on
displacement-based analytical methods. In numerical analysis, the slope is modeled as a
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deformable continuum (Sica, S. 2002). Therefore, the stress-strain behavior and
deformation is considered in numerical analysis.
This chapter presents the results of Objective 2 of this research, which is to
investigate the seismic stability of slopes stabilized with EPS-block geofoam based on
deformation analysis to incorporate the effect of the stress-strain behavior of the soil and
EPS material. In order to accomplish this objective, numerical analyses were performed
to evaluate the behavior of EPS embankments under seismic loading. These analyses
were conducted through a design example of the NY Route 23A project evaluated based
on limit equilibrium force-based methods in Chapter 3. The deformation analysis
included deformation of the soil and the EPS blocks as well as displacement of individual
layers of EPS blocks, and between the soil and the EPS blocks.
One advantage of numerical analysis, is that the results of can be used as part of a
performance-based design because the analysis provides an estimate of anticipated
deformation that may occur due to a seismic event. Performance-based design is now
commonly used in seismic design of structures due to the cost savings that can be
achieved. In performance-based design, structures are designed based on a required level
of post-earthquake performance-fully operational, operational, life safety and near
collapse- with respect to the cost, the probability of occurrence of earthquakes and the
importance of the facility (AASHTO Standing Committee on Research 2006).
Performance-based design is also rapidly becoming the state of practice in seismic
design of earth structures (Finn 2013). Slopes and embankments that have been rejected
based on a factor of safety less than one are now routinely designed on the basis of
“acceptable” or “allowable” seismic deformation design methods. However,
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performance-based design methods are not as well-established for earth structures
including slopes as they have been for buildings.
Implementation of performance-based design methods in analysis requires an
acceptable performance criterion and a reliable method of analysis (Finn 2013). For slope
stability analysis of dam embankments the performance criterion is commonly specified
as displacement of the crest (Finn 2013). Therefore in this research, the horizontal and
vertical displacement of the centerline of the EPS embankment crest is considered as its
performance criteria. Numerical analysis has been used commonly as a reliable method
of analysis in performance analysis of earth structures (Cala and Flisiak 2001, Cala and
Kowalski 2008, Bartlett and Lawton 2008, Bartlett et al. 2011 and Radhakrishnan and
Negussey 2011). Therefore in this study, numerical analysis using the finite difference
software program FLAC is used to evaluate the behavior of EPS embankments under
seismic loading.
A summary of numerical analysis results of the NY Route 23A case history is
provided in the subsequent sections. Additionally, recommendations are made on how to
incorporate a deformation-based analysis based on numerical analysis in the design of
EPS-block geofoam lightweight fill used as part of slope stabilization and repair.
4.1. NUMERICAL ANALYSIS
Numerical analysis is performed here utilizing the FLAC (Fast Lagrangian Analysis
of Continua) software program to investigate the seismic stability of slopes stabilized
with EPS blocks based on deformation analysis. Deformation analysis is performed to
incorporate the effect of the stress-strain behavior of the soil and the EPS blocks and the
displacement at the individual layers of EPS blocks, and between soil and block interface.
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The deformation results obtained from the numerical analysis are compared with
tolerable ranges as part of a performance-based design.
FLAC is a well-known finite difference program that can capture large deformations.
Its capability for estimating deformation has been proven through various projects and
numerous studies (e.g. Bartlett and Lawton 2008; Bathurst and Zarnani 2007, 2008, 2009;
Hatami and Withoeft 2008 and Radhakrishnan and Negussey 2011). Therefore FLAC is a
suitable software program for modeling EPS embankments, especially analyzing
potential sliding between layers of EPS blocks. FLAC Version 7 with the dynamic option
was used in this study.
As mentioned above, in order to provide a comparison between seismic design of
EPS embankment based on limit equilibrium methods and numerical analysis, the same
project (NY Route 23A) investigated in Chapter 3 was considered. A cross-section of the
slope is shown in Figure 4.1. See Section 3 of Chapter 3 for details of the NY Route 23A
project.
FS=1.25

445.00

Subbase

Concrete Slab

440.00
Crushed Stone- Drainage

Horizontal Drains
435.00

430.00

425.00

Figure 4.1. Cross-section of NY Route 23A slope failure (Jutkofsky et al. 2000).
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Performing a numerical analysis in FLAC consists of several steps, including 1)
generating the slope geometry; 2) defining the material properties; 3) applying the
boundary conditions and loads or excitation, and 4) evaluating the results. A summary of
the above-mentioned steps is provided in subsequent sections.
4.1.1. Geometry
In order to generate the geometry of projects in FLAC, the visual FLAC interface as
well as fish (FLAC program coding feature) has been used. As in most numerical
analyses, the mesh size has a significant effect on the results. Models with a smaller size
provide more accurate results but require longer solution times. Therefore, the mesh size
needs to be carefully selected. In general, the FLAC manual (Itasca 2005) provides
recommendations for selecting the mesh size in a way to ensure an accurate wave
transmission. The maximum wave frequency that can be accurately modeled is:

f

Cs
10 l

(4.1)

Here Cs is the lowest shear wave speed in the model and l is the largest mesh zone
size. By considering Cs as 180 m/s, which is the minimum shear wave velocity in the
model (the shear wave velocity of the soil), and waves with frequencies up to 10 Hz, the
maximum mesh size in this problem needs to be smaller than 1.8 m. Figure 4.2 provides
an overview of the region and geometry of NY Route 23A. The mesh size and shape of
each region is defined in Table 4.1.
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445.00

440.00

6
435.00

7
5

4

430.00

2

1

3

425.00

14.00

28.68

11.31

Figure 4.2. Mesh grid regions for the proposed design example.

Table 4.1. Mesh size for all the assigned regions
Mesh Grid
Regions
1
2
3
4
5
6
7

Material
Soil
Soil
Soil
Soil
Soil
Soil
EPS

Shape
rectangle
rectangle
rectangle
rectangle
trapezoid
rectangle
trapezoid

x (m)
0.701905
1.299182
0.712869
0.701905
varies
0.701905
varies

y (m)
0.68892
0.68892
0.68892
0.44153
1.299182
0.1016
0.1016

Figure 4.3 provides the generated mesh of the proposed example in FLAC. In order
to increase the accuracy of deformation results through the EPS embankment, a smaller
mesh size was used for the EPS block fill mass and the adjacent soil behind the EPS
embankment in comparison with the underlying slope soil.
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JOB TITLE : Grid

(*10^1)

FLAC (Version 7.00)

3.500

LEGEND
19-Feb-13 11:21
step 100000
-3.001E+00 <x< 5.703E+01
-2.217E+01 <y< 3.786E+01

2.500

Grid plot

1.500

0

1E 1

0.500

-0.500

-1.500

University of Memphis
0.500

1.500

2.500
(*10^1)

3.500

4.500

5.500

Figure 4.3. Mesh grid regions for the proposed design example.

To create a horizontal slippage surface between EPS-block layers, interface elements
are used as shown in Figure 4.4. Interface 1 is the foundation soil/EPS-block contact
surface and Interfaces 2 through 6 are EPS block horizontal layer contact surfaces (from
bottom to top, respectively).
Interfaces act like two springs in the normal and shear directions with their own
specific stiffness. The FLAC manual (Itasca 2005) recommends defining the stiffness of
these springs from Equation 4.2:

K
kn

ks

10(

4
G
3 )

(4.2)

Z min
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where,

Zmin is the smallest width of an adjoining zone along the interface in the normal
direction, and K and G are the bulk and shear modulus.
FLAC also requires that the interface resistance be modeled with an interface friction
angle, cohesion, and/or tensile strength. However, no cohesion or tensile strength were
considered to allow for separation between geofoam layers. Therefore, only interface
friction was utilized as summarized in Table 4.2. These parameters are obtained from the
available database of the NY-Route 23A project as discussed in Chapter 3. The dilatation
due to sliding was assumed to be negligible.

Table 4.2. Interfaces parameters
Contact Surface

Interface
Number

Shear/Normal Stiffness
(MPa)

Interface Friction
Angle

Condition

Geofoam-Soil

1

1156

35o

Unglued

Geofoam-Geofoam

2 to 6

1156

27o

Unglued
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JOB TITLE : Interfaces

(*10^1)

FLAC (Version 7.00)

1.750

LEGEND
1.650

11-Apr-13 14:06
step
74710
Dynamic Time 2.0500E-01
1.316E+01 <x< 2.960E+01
9.000E+00 <y< 1.800E+01

1.550

6
5

1.450

Boundary plot
4
0

5E 0
1.350

3

interface id#'s

2
1.250

1
1.150

1.050

0.950

University of Memphis
1.400

1.600

1.800

2.000

2.200

2.400

2.600

2.800

(*10^1)

Figure 4.4. Interface location and assigned identification number.

4.1.2. Material properties
As mentioned in Chapter 1, reliable and economical design requires a dependable
estimation of material properties. Dynamic parameters are input parameters to the
material constitutive models that predict the behavior of materials under dynamic
loading. Therefore, the material dynamic properties used in deformation analysis will
have a significant effect on design. The literature search revealed significant uncertainties
in the evaluation of EPS material dynamic properties such as the effect of the specimen
size, testing procedure, and confining pressure (provided in Section 2.1.1 of Chapter 2).
Therefore, comprehensive research on the dynamic properties of EPS blocks was
performed. MASW (Multi-Channel Analysis of Surface Waves) tests were used to
estimate the dynamic properties of a full-sized EPS block and compared with small
specimen results from resonant column tests.
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The dynamic properties of EPS blocks were investigated by 1) estimating the
dynamic properties of a full-sized EPS block and 2) measuring the dynamic properties of
small EPS specimens cut from the full-size block with a resonant column test system.
Maximum shear modulus (Gmax) and shear modulus degradation curves (G/Gmax)
obtained from both MASW and resonant column were used in numerical analysis to
evaluate the behavior of slopes stabilized with EPS-block geofoam under seismic
loading.
A summary of the above-mentioned tasks are provided in subsequence sections, and
a complete discussion of the MASW and resonant column tests procedures can be found
in Appendix A, respectively.
4.1.2.1. Task 1) estimating the dynamic properties of a full-sized EPS block
The geofoam dynamic parameters required to perform seismic analysis are the
maximum shear modulus (Gmax), shear modulus degradation (G/Gmax) and damping ratio.
Currently, these parameters are obtained predominantly from laboratory testing such as
resonant column and cyclic triaxial tests. However, laboratory tests are typically
performed on small laboratory specimens and not on full-size EPS blocks.
Athanasopoulos et al. (1999, 2007), Duskov (1997), Trandafir et al. (2010),
Athanasopoulos and Xenaki (2011), and Ossa and Roma (2011) performed cyclic triaxial
tests, and Ossa and Roma (2011) and Athanasopoulos and Xenaki (1999, 2011)
performed resonant column tests to measure the dynamic properties on geofoam
specimens. The literature, reveals that the shear modulus of EPS material is sensitive to
specimen size. The literature also indicates that confining (Ossa and Roma 2011) and
vertical stresses also influence the dynamic properties of EPS material. However, it is
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difficult to reproduce the field stresses and strains in conventional dynamic laboratory
testing.
MASW tests were performed on a full-size (38" x 48" x 288") EPS block with a
density of 22 kg/m3 that meets ASTM D6817 – 11 for an EPS 22 block to estimate the
dynamic properties of an overall full-size block. The results provide a maximum shear
modulus of 7.4 MPa and a minimum shear modulus of 4.06 MPa with an average of 6.11
MPa within the investigation area as shown in Figure 4.5. The effective test area of the
MASW testing is less than the full length of the block because of the inherent limitations
of the method. A further discussion of the MASW test procedures that includes testing
methodology and data analysis is provided in Appendix A.

48.00

38.00

69.00(5.75 ft)

69.00(5.75 ft)

150.00
219.00(17.75 ft)
288.00

Figure 4.5. Investigation area in MASW tests (dimensions are in inches).

Figure 4.6 shows the variation of shear modulus measured within the EPS block. The
shear modulus should be the same throughout a homogenous material. However, density
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variations occur within a full-size EPS block because of the molding process (Stark et al.
2004), which can contribute to variations in shear modulus within the block.

Figure 4.6. Variation of shear modulus for midsection of block
(between 1.9 m through 5.5 m). m of block

4.1.2.2. Task 2) Measuring the dynamic properties of small EPS specimens cut
from the full-size block with a resonant column test system.
Resonant column tests were used to evaluate the dynamic properties of EPS material
based on small lab specimens. The resonant column apparatus available at the University
of Memphis is the TSH 100 made by GCTS Testing System Company. It has the
capability to measure shear wave velocity, shear modulus and damping ratios of
specimens 38 mm to 70 mm in diameter and with heights of twice the specimen diameter.
It is a bottom-fixed resonant column and it can apply torsional forces with frequencies up
to 250 Hz. In order to measure the dynamic properties of EPS block and also evaluate the
variation of density within the EPS block, cylindrical EPS specimens with 70 mm
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diameter and 140 mm height were cut from the top, middle and bottom of various
sections of the full-size EPS block used in the MASW testing, as shown in Figure 4.7.

48.00

38.00 1

2

69 (5.75 ft)

4

3

36.00

36.00

5

36.00

7

6

69 (5.75 ft)

36.00

219 (17.75 ft)

6.00

a)

1.60

2.80

1.60

1.00

5.60
9.40

a
2.80
3.80
2.80
2.00

4.00
5.60

3.80

5.60

11.20

Cylindrical Sample
2.80@5.60inch

3.80

21.00

2.00

38.00
6.00

4.00

3.80

24.00

9.40
5.60

21.00
1.00

24.00

b)

6.00

Figure 4.7. a) Cutting sections of full-size EPS block and b) cutting the specimen from each section
(dimensions are in inches).
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As mentioned before, the effective test area of the MASW testing was the central
portion of the block, which corresponds with Sections 2 through 6 of Figure 4.7.a.
Therefore, in order to provide a comparison between MASW and resonant column tests,
resonant column tests were only performed on the 15 specimens cut from Sections 2
through 6 of the EPS block.
Table 4.3 provides a statistical analysis for the shear modulus values obtained from
resonant column tests and also the density of each specimen. The results show a
maximum shear modulus of 5.5 MPa and a minimum of 4.81 MPa with an average of
5.21 MPa for the midsection of the block.

Table 4.3. Statistical summary of samples from Sections 2 through 6 of the EPS block
Shear Modulus (MPa)
Mean
5.213333333
Median
5.27
Standard Deviation
0.21684974
Range
0.69
Minimum
4.81
Maximum
5.5
Number of specimens
tested
15

Density (kg/m3)
Mean
21.64820667
Median
21.5431
Standard Deviation
0.444179036
Range
1.4604
Minimum
20.9668
Maximum
22.4272
Number of specimens
tested
15
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4.1.2.3. Comparison between MASW and resonant column test results
Table 4.4 compares the results from the MASW and resonant column tests. The
shear modulus obtained from the MASW tests, on average, are about 18% higher.
Therefore, utilizing the MASW test method can lead to more economical design. On the
other hand, the shear moduli of the MASW tests show more range of variation (between
4.06 MPa and 7.4 MPa) than the resonant column results (between 4.81 MPa and 5.5
MPa). The higher variation in shear modulus of the MASW tests is because the resonant
column results were obtained from 15 samples, whereas the MASW results were
obtained from the full-size block.

Table 4.4 Comparison of shear moduli obtained from MASW and resonant column
tests

Figure 4.8 provides a 2-D profile of the density of samples cut from Sections 2
through 6 of the full-size EPS block. It should be mentioned here that the density of each
specimen was measured with high accuracy techniques such as utilizing a vacuum
measurement apparatus. The density profile shown in Figure 4.8 is based on linear
interpolation between densities measured at each specimen location shown in Figure 4.7.
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A complete discussion of the resonant column sampling and testing procedure is provided
in Appendix A.

Figure 4.8. Variation of density for midsection of block
based on resonant column tests.
Figure 4.9 provides a 2-D profile of the shear modulus of the MASW effective area
from resonant column tests. The shear modulus profile is based on linear interpolation of
the test results.

Figure 4.9. Variation of shear modulus for midsection of block
based on resonant column tests.
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The variations of shear modulus seen in Figure 4.9 are comparable with the variation
of density of the block, as shown in Figure 4.8. As mentioned before, density variations
are because of the molding process (Stark et al. 2004), which can contribute to variations
in shear wave velocity and shear modulus within the block. It should be noted here that
MASW considers density variation of the full block within the effective area while the
resonant column specimens are based on specific locations (Sections 2 through 6) of the
block.
4.1.2.4. Selection of the appropriate dynamic properties for design
As mentioned in section 4.1.2.1, one inherent limitation of MASW testing is that the
measured shear modulus is limited to the MASW effective area (midsection of the block).
The shear modulus of the EPS block only from the MASW effective area would not be
representative of the shear modulus of the whole block. Therefore, in order to consider
the dynamic properties of the EPS material through the whole length of the EPS block,
specimens cut from Sections 1 and 7 were also tested with the resonant column
apparatus. Results show a higher variation in shear modulus values in comparison with
results from Sections 2 through 6 (see comparison between Figure 4.8 and Figure 4.10).
The minimum measured shear modulus was reduced to 4.05 MPa and the average shear
modulus was reduced to 5.02 MPa. However, the maximum measured shear modulus is
still 5.5 MPa. A summary of statistical evaluation for
all 21 samples is provided in Table 4.5.
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Table 4.5. Statistical summary of samples from Sections 1 through 7 of the EPS
block
Density (kg/m3)
Mean
20.89756667
Median
21.4921
Standard Deviation
1.302237769
Sample Variance
1.695823206
Range
4.23395
Minimum
18.19325
Maximum
22.4272
Number of specimens
21

Shear Modulus (Mpa)
Mean
5.027142857
Median
5.11
Standard Deviation
0.389051961
Sample Variance
0.151361429
Range
1.45
Minimum
4.05
Maximum
5.5
Number of specimens tested
21

The variation of density and shear modulus of the resonant column tests for the whole
length of the block (Sections 1 through 7) are shown in Figures 4.10 and 4.11,
respectively. As shown in these figures, the shear modulus and density of EPS decrease
significantly on the edges of the block, whereas the MASW test cannot be used to
measure the shear modulus of EPS blocks on the edges of the block. Therefore, although
the MASW test provides a 2-D profile of shear modulus with a higher resolution and
higher values, estimates of shear modulus just based on the MASW test might be
unconservative. The results of this study might suggest to consider the MASW results
only with respect of results from sampling the whole length of the block.
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Figure 4.10. Variation of density for whole block based on resonant column test
specimens.

Figure 4.11. Variation of shear modulus for whole block based on resonant column
test.

The shear moduli of the resonant column tests are in agreement with results reported
by Athanasopoulos et al. (2011). Athanasopoulos et al. (2011) recommend a shear
modulus of 5.28 MPa for EPS material with an average density of 21 kg/m3 from
resonant column tests, which is in agreement with the mean shear modulus of 5 MPa and
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density of 20.9 kg/m3 obtained from this study. Also, the average measured density of
20.9 kg/m3 based on resonant column specimens in this study is in agreement with the
density of 20.9 kg/m3 that has been provided by the molder company. (The density was
obtained from the measured weight of the full-size block and the full-size dimensions of
the block, 38" x 48" x 288").
A shear modulus of 5 MPa based on the results of the MASW tests on the full-size
EPS block, the small lab specimens utilized for resonant column tests, and also results of
laboratory tests from the literature, is used in this study. This value is the average shear
modulus from resonant column tests for the whole length of the block. As mentioned
before, although MASW tests provided about 18 percent higher values of shear modulus,
in order to be on the safe side of design, the average shear modulus of resonant column
tests were considered in this study.
Shear modulus degradation results obtained from resonant column tests, shown in
Figure 4.12, were used to incorporate the stress-strain behavior and damping behavior of
EPS material in design of slopes stabilized with EPS blocks under seismic conditions.
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Figure 4.12. Shear modulus degradation of EPS specimens tested by resonant
column device.

4.1.2.5. Constitutive model and damping parameters
After the dynamic properties of the EPS material are determined, an appropriate
constitutive model needs to be selected. Constitutive models should be selected that are
consistent with EPS and soil material behavior. The literature research shows that most
researchers have used the elastic model for modeling the behavior of EPS material. Using
a linear elastic constitutive model for EPS material is consistent with the design
guidelines of NCHRP 24-11(01) that only allows engineers to apply loads up to the one
percent strain (Zone 1, elastic range as described in Section 1.2.2.1). In addition, the
literature showed that interface sliding between EPS blocks is initiated before the
development of shearing through the blocks and therefore modeling the behavior of EPS
material with elastic models is an acceptable assumption (Bartlett and Lawton 2008).
Zarnani and Bathurst (2009) investigated the influence of constitutive models on
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numerical simulation of EPS material for the application of seismic buffers. The authors
suggested that elastic models can capture the qualitative trend of forces in walls and have
a good agreement in quantitative results with other models. Therefore, an elastic model
was considered for modeling the EPS material in this study.
The damping parameter is another parameter required in FLAC modeling. In general,
natural dynamic systems have some kind of damping which is due to internal friction or
slippage along interfaces. Therefore, FLAC modeling also needs a damping system to
avoid infinite oscillating of the model. FLAC has two mechanical damping options:
Rayleigh damping and hysteretic damping. Rayleigh damping is a frequency-independent
damping system that provides an average response for all ranges of strain, while the
hysteretic damping option allows a strain-dependent modulus and damping function to be
included in the analyses. In general, the FLAC manual (Itasca 2005) recommends the
hysteretic damping option because it is more realistic and entails no reduction in time
step. Therefore, the stress-strain and damping behavior of EPS-block geofoam material is
modeled with the hysteric damping option.
FLAC’s hysteric damping option has the capability to allow nonlinear, shear-straindependent modulus and damping in the geofoam material. To implement FLAC’s
hysteric option, shear modulus degradation results obtained from resonant column tests
was used. A three-parameter sigmoidal model (Sig3 model) was fitted to the measured
shear modulus degradation obtained from resonant column tests as shown in Figure 4.13.
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Figure 4.13. Fitted model in FLAC to shear modulus degradation of EPS material.

Three parameters used to match the measured degradation results are: a=1.017,
b=-0.5 and X0=-0.9 as defined in Equation 4.3:

Ms

a
1 exp( ( L x0 ) / b)

(4.3)

Here Ms is the shear modulus with respect to shear strain (G( )), L is the logarithmic
value of shear strain and a, b, and x0 are the fitting parameters.
The Mohr-Coulomb model was used to model the soil. The Mohr-Coulomb
constitutive model is a common constitutive model that has been used for modeling soil
material (Bartlett and Lawton 2008, Bathurst and Zarnani 2007, 2008, 2009, Hatami and
Withoeft 2008). Three parameters used to match the measured degradation of soil with
FLAC are: a=1.05, b=-0.587 and X0=-1.55 as shown in Figure 4.14.
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Figure 4.14. Fitted model in FLAC to shear modulus degradation of soil.

4.1.2.6. Assigning the material constitutive models to the mesh elements
The above-mentioned dynamic properties and constitutive models of EPS-block
geofoam and soil material are assigned to the mesh elements of the FLAC model. Figure
4.15 depicts the generated FLAC model with the assigned materials.
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Figure 4.15. Assigned material to the model in FLAC.

In order to avoid local shallow slope instabilities on the external edges of the slope, a
thin layer of soil (“Soil-high”) with a higher friction angle of 45 degrees and cohesion of
1 MPa is applied on the elements located on the edges of the slope (Figure 4.15). This
method has been recommended in the literature for slope stability of slopes made of soil
with no cohesion. Table 4.6 provides an overview of material properties used for soil and
EPS-block geofoam material.
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Table 4.6. Material properties used in the FLAC model
Material
Type

(kg/m3)

Geofoam

20

Soil
Soil- Edge

C (Mpa)

E (Mpa)

K (Mpa)

G (Mpa)

NA

0

11.2

0.12

4.9

5

1922

20

0

173.88

0.4

2.98E+02

6.21E+01

1922

45

1

173.88

0.4

2.98E+02

6.21E+01

Since in limit equilibrium analysis, the passive forces from the soil in front (right
side) of the EPS embankment are not considered, the soil in front of the EPS
embankment has not been modeled.
4.1.3. Applying earthquake ground motions and boundary conditions
Objective 2 of this dissertation is to evaluate the seismic stability of slopes stabilized
with EPS-block geofoam based on deformation analysis, which is required to design
structures based on performance-based design. In performance-based design analysis, a
number of ground motions (GMs) are selected to be used as the input motions. Different
seismic codes such as AASHTO have different ground motion selection provisions.
AASHTO (2010) requires that: “at least three response-spectrum compatible time
histories shall be used for representing the design earthquake (ground motions having
seven percent probability of exceedance in 75 years) when conducting dynamic ground
motion response analyses or nonlinear inelastic modeling of bridges” It also adds “if a
minimum of seven time histories is used for each component of motion, the design actions
may be taken as the mean response calculated for each principal direction”
There are two primary options for obtaining a set of ground motion time histories for
engineering design (Bommer and Acevedo 2004): selecting ground motions (GMs) from
available databases, or generating artificial GMs. Selected ground motions need to
represent the main seismological parameters and geological features of the site. Examples
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of seismological parameters that need to be considered in GM selections include the
tectonic environment (e.g. subduction zone; shallow crustal faults in western or eastern
United States), earthquake magnitude, type of faulting, seismic-source-to-site distance,
local site condition, and design or expected ground motion characteristics (e.g. design
response spectrum) (AASHTO 2010). Since the NY Route 23A case history that is being
used here is located in the eastern United States, earthquakes with similar seismological
features as the NY Route 23A site are not available; therefore, in the absence of available
GMs from databases, artificial GMs are generated.
Generated artificial GMs are based on bedrock ground motions that need to be
transformed to the surface of the site’s soil deposit by performing a site response
analysis. After site response analysis is performed, the response spectra of transferred
GMs at the surface of the soil deposit should be matched to the target response spectrum
by performing spectral matching. Baseline correction to remove the residual velocity or
displacement in the model is the last step of generating artificial GMs. A summary of
above-mentioned steps required for generating input motions in FLAC is provided in
subsequent sections.
4.1.3.1. Time history generation
In order to generate the earthquakes, the seismological parameters of the site,
including the dominant earthquake magnitude and seismic-source-to-site distances, need
to be determined. For the selected example problem, NY Route 23A, with longitude and
latitude of (42.243515,-74.329076), the dominant earthquake magnitude of 6.06 and
seismic-source-to-site distance of 128.5 km, obtained from the USGS website (available
at: https://geohazards.usgs.gov/deaggint/2008/), are evaluated by performing
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deaggregation analysis. Deaggregation is performed from information available on the
USGS website as shown in Figure 4.16 for an earthquake return period of 949 years.

Figure 4.16. Deaggregation for the proposed site.

The computer program SMSIM (available online at
http://www.daveboore.com/software_online.html), which is based on the stochastic
point-source model, is used to compute the input GMs at the bedrock surface by using the
seismological parameters of the eastern region of the United States as described in Table
4.7.
The point-source stochastic method is currently widely used because of its simplicity
and success in predicting bedrock GMs (Malekmohammadi 2012). This method is
commonly used for sites with a limited number of recorded GMs or no empirical GM
relations to predict the bedrock GMs. The point-source stochastic method has been
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validated in various studies (e.g., Hanks and McGuire 1981; Boore 1983; McGuire et al.
1984; Boore and Atkinson 1987; Toro and McGuire 1987; Silva et al. 1997).

Table 4.7. Seismological parameters used in SMSIM generation
Parameter
Source Spectrum

Central & Eastern U.S.
-square, point source

Geometric Attenuation

R-1;
R0;
R-0.5 ;

Stress Drop,
Source Duration, Ts

150
½ f0
0;
9.6;
7.8;
0.04;

Path Duration, Tp

R<70 km
70<R<130 km
R>130 km

R<10 km
10<R<70 km
70<R<130 km
R<130 km

Q=680 f0.36
10 km
0.0084
3.6
2.8
Exponential
100
6.06
128.5
Campbell (2003)

Path Attenuation, Q
Focal Depth
Site attenuation, k
Shear wave velocity (km/s)
Density, (gm/cc)
Window shape
High Cut Frequency, fm
Magnitude
Distance
Amplification Factors

As specified by AASHTO (2010), seven earthquakes were generated based on the
seismological parameters shown in Table 4.7. An example of a GM time history of
Earthquake 1 as generated by SMSIM at bedrock for the NY Route 23A site is depicted
in Figure 4.17.
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Figure 4.17. Earthquake 1 ground motion time history generated by SMSIM.

4.1.3.2. Ground response analysis
After seven GM time histories of the bedrock are generated, a ground response
analysis utilizing the SHAKE 91 computer program is performed to predict ground
surface motions from the bedrock time histories (Figure 4.18).

Figure 4.18. Ground response analysis concepts.

The SHAKE 91 computer program, which is based on the equivalent linear method,
is the most widely used program in evaluating the soil site response analysis (Idriss and
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Sun 1992; Cramer 2006; Hartzel et al. 2005; Wen and Wu 1999). One dimensional
ground response analysis, which is employed in this program, assumes infinitely
extended horizontal bedrock and soil layers. SHAKE 91 also assumes that the response of
a soil is caused by vertical propagation of SH-waves (Kramer 1997).
Soil deposit properties such as the shear modulus degradation curve of the soil have
a significant effect on site response analysis. Since the dynamic soil properties of the site
soil are not available, the EPRI (1993) shear modulus degradation curves are used for site
response analysis. EPRI (1993) proposed a set of depth-dependent generic shear and
damping degradation curves which have been used in numerous studies (e.g., Park and
Hashash 2005; Romero and Rix 2005; Toro and Silva 2001). Figure 4.19 shows the EPRI
shear modulus degradation curve used in this study.
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Figure 4.19. Soil degradation used in site response analysis.

The subsurface profile of the NY Route 23A site is assumed as a 75-m soil deposit
on top of bedrock as shown in Figure 4.18. Table 4.8 provides the soil and bedrock
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physical properties used in the site response analysis. The shear wave velocity is kept
consistent with previous assumptions in Chapters 3 and 4 as 180 m/s.

Table 4.8. Soil and bedrock parameters used in site response analysis
Layer

Thickness

Vs (m/s)

Bedrock

75

G/Gmax

Damping

(kg/m3)

(m)
Layer 1

Density

180

1900

EPRI

EPRI

3600

2200

EPRI

EPRI

A ground response analysis utilizing SHAKE 91 was performed for each of the
seven generated bedrock ground motion time histories. Figure 4.20 shows the time
histories of the bedrock and surface ground motions predicted from SHAKE 91. In this
figure, the blue “before” accelogram is the SMSIM-generated ground motion at the
bedrock and the orange “after” accelogram is the ground motion at the surface of soil
deposit computed from SHAKE 91. As shown in Figure 4.20, the increases in
acceleration of the soil ground surface compared to the bedrock acceleration shows the
waves are amplified as they reach the surface of the soil.
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Figure 4.20. Ground motion time histories at bedrock and ground surface.

4.1.3.3. Spectral Matching
After ground response analysis is performed to predict the ground surface motions
from each of the seven generated bedrock time histories, a spectral matching procedure
was performed to obtain ground motions with a specific target response spectrum. In this
study the SeismoMatch software program (Seismosoft 2013), which performs the spectral
matching in the time domain, was used. The SeismoMatch software program performs
the spectral matching by adding wavelets to the acceleration time histories as proposed
by Abrahamson (1992) and Hancock et al. (2006). In general, spectral matching can be
performed in the time domain or frequency domain (Evangelos et al. 2010). While
frequency-domain spectral matching is commonly used to reduce the spectral mismatch
(Hancock et al 2006), it can result in motions with unrealistically high energy content
(Naeim and Lew 1995). An alternative method is to perform spectral matching in the
time domain by adding wavelets which introduce less energy into the ground motions
(Hancock et al. 2006).
In order to perform the spectral matching procedure, the target response spectra for
the specific site need to be determined. Target response spectra for the selected site are
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developed based on a 7% probability of exceedance in 75 years and site class E (shear
wave velocity of 180 m/s), as shown in Figure 4.21 and summarized in Table 4.9.

Figure 4.21. Target response spectra for proposed site.

Table 4.9. Target response spectrum values
T (s)
0
0.086
0.2
0.431
0.5
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
2.8
3
3.2
3.4
3.6
3.8
4

Sa (g)
0.137
0.308
0.308
0.308
0.265
0.221
0.166
0.133
0.11
0.095
0.083
0.074
0.066
0.06
0.055
0.051
0.047
0.044
0.041
0.039
0.037
0.035
0.033
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Figure 4.22 depicts the target response spectrum and matched response spectral of
the seven selected ground motions. The maximum acceleration of each matched ground
motion is shown in Figure 4.23.
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Figure 4.22. Target and matched response spectra.
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Figure 4.23. Maximum acceleration at matched ground motions.

4.1.3.4. Baseline correction
Ground motion time histories might cause a residual velocity or displacement in the
FLAC model because the integral of the complete time history may not be zero, (i.e. the
displacement time history may not return to zero). Figure 4.24 depicts the acceleration
and displacement time histories of Earthquake 1. As shown in this figure, the
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displacement time history is not zero at the end. A baseline correction can be performed
by adding or subtracting a low frequency wave that leads to zero displacement.
Seimosignal software (Seismosoft, 2013) was used to perform the baseline
correction. A baseline correction in Seismosignal consists of two steps: 1) determining
the polynomial curve that has a best fit to the time-acceleration pairs by utilizing
regression analysis (least-square-fit method) and 2) subtracting from the uncorrected
acceleration values their counterparts as obtained with the regression-derived equation.
Figure 4.24 provides uncorrected and corrected results for Earthquake 1.
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Figure 4.24. Baseline correction.
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4.1.3.5. Applying boundary conditions
Modeling the dynamic input (applying the earthquake ground motions) and boundary
conditions in FLAC are related. Dynamic input in FLAC can be: a) an acceleration
history, b) a velocity history, c) a stress (pressure) history, or d) a force history (Figure
4.25).

Figure 4.25. Types of dynamic loading boundary conditions available in FLAC
(FLAC manual, Itasca 2005).

In order to apply earthquake time histories to the model, a flexible base (as shown in
Figure 4.25) is chosen. A flexible base consists of a quiet boundary on the base of the
model and free field boundaries on the sides of the model as shown in Figure 4.26. Wave
reflections at the boundaries can be minimized by applying quiet and/or free-field
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boundary conditions (Itasca 2005). Quiet boundaries consist of independent dashpots in
the normal and shear directions at the model boundaries. Quiet boundaries are almost
completely effective at absorbing body waves approaching the boundary at angles of
incidence greater than 30 degrees. For lower angles of incidence, or surface waves, there
is still energy absorption, but it is not perfect (Itasca 2005). Free-field boundaries on the
sides of the model provide a condition like the infinite model. The free-field boundaries
consist of a one-dimensional column of unit width that is coupled to the model with
dashpots. Figure 4.27 depicts the boundary condition on the proposed FLAC model.

Figure 4.26. Free-field boundaries (FLAC manual, Itasca 2005).
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Crest location

Figure 4.27. Boundary conditions.

When applying velocity or acceleration input to the model boundaries, quiet
boundaries would nullify these input accelerations. Therefore, in order to apply seismic
motion at a quiet boundary, the input motions need to be converted into stress waves
through Equations 4.8 and 4.9 as recommended by the FLAC manual (Itasca 2005):

n

2 C pVn

(4.8)

s

2 .CsVs

(4.9)

where
n = applied normal stress;
s = applied shear stress;
= mass density;
Cp = speed of p-wave propagation through medium;
Cs = speed of s-wave propagation through medium;
vn = input normal particle velocity; and
vs = input shear particle velocity.
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Therefore, in this study, the velocity histories of the generated earthquake GMs are
converted to shear-stress histories by multiplying the velocity histories by 6909.59:

s

2 CsVs

(4.10)

1922kg / m
G
Cs
s

3

62.1Mpa
G

(4.11)

180m / s

2 CsVs

2(1922)(180)Vs

(4.12)

6909.59Vs

Figure 4.28 depicts the velocity history of Earthquake 1, which has been used to
generate seismic waves to the model. The velocity history is converted to applied shear
stresses by multiplying by 6909.59.
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Figure 4.28. Input velocity history of Earthquake #1.

4.1.4. Analyzing and evaluating the results
Analysis of the FLAC model was performed in two steps:
1) The FLAC model was constructed under gravity static loading and the model
time-stepped until force equilibrium was reached. In order to reach force equilibrium
under gravity loading, the boundaries were fixed in both the x- and y- directions on the
base and the x- direction for the sides of the model.
2) After static equilibrium was reached, the boundary conditions were changed to the
dynamic boundary conditions shown in Figure 4.25. The bottom of the model was
changed to the quiet boundary in both the x- and y- directions and free field conditions
were applied on the sides of the model. In order to reach convergence in solving the finite
difference equations, a time step of 4x10 -6 was selected based on FLAC
recommendations and the model was stepped up to the end of the earthquake histories.
Table 4.10 provides a summary of the x- and y- displacements of the crest of the EPS
embankment. An average 6.13-cm horizontal displacement and 0.1458-cm vertical
displacement were obtained for the seven earthquake ground motions. Results show a
maximum x-displacement of 7.24 cm due to Earthquake 2, which has the maximum peak
acceleration as shown in Figure 4.23.

180

Table 4.10. Maximum horizontal and vertical displacement due to seismic motions

Ground
Motion

Maximum

Maximum

X-

Y-

displacement

displacement

(cm)

(cm)

1

5.29

0.0806

2

7.24

0.0191

3

5.93

0.2167

4

5.66

0.3097

5

5.89

0.1285

6

6.11

0.0623

7

6.81

0.2042

Mean

6.13

0.1458

A 2-D profile of the x- and y- displacements of the proposed example obtained for
Earthquake 2 are shown in Figures 4.29 and 4.30, respectively. As shown in Figure 4.29,
the maximum horizontal displacement occurred within the EPS blocks, and horizontal
sliding of the blocks is the dominant failure mechanism. Figure 4.29 indicates that the
contact surface between the EPS embankment and the soil is the critical failing surface,
which is in agreement with the limit equilibrium analysis (the minimum factor of safety is
achieved at the contact surface of the EPS embankment and the soil). The overall
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instability of the slope is a translation slope failure with a horizontal movement of the
overall EPS embankment along the EPS block and soil interface.
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Figure 4.29. X-displacement due to earthquake 2.

A 2-D profile of the y-displacement of the model, as shown in Figure 4.30, indicates
the generation of almost a linear failure surface behind the EPS blocks. As mentioned in
Chapter 3, in the limit equilibrium analyses, the failure surface in the adjacent soil behind
the EPS blocks was assumed as a linear failure surface that passes through the toe of the
EPS embankment. The assumed linear failure surface behind the EPS blocks is in
agreement with the numerical results shown in Figure 4.30. The angle of failure in Figure
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4.30 is about 41.59 degrees, which is comparable to the limit equilibrium assumption of
39.6 degrees for seismic conditions.
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Figure 4.30. Vertical displacement due to Earthquake 2.

Total displacement vectors of the model are depicted in Figure 4.31. The abovementioned failure surface also can be distinguished in this figure as well. This figure also
indicates that the greatest displacement occurs behind the EPS blocks.
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Figure 4.31. Total displacement vector due to Earthquake 2.

In order to compare the relative sliding between successive layers of EPS blocks,
“STRAIN” functions were defined in FLAC to record the relative displacement between
layers of EPS blocks as a function of time.
Table 4.11 summarizes the maximum relative sliding between the successive layers
of EPS due to Earthquake 2. In this table, Strain 1 represents the horizontal sliding
between the first layer and foundation soil and Strains 2 through 5 represent the sliding
between successive layers of EPS from bottom to top. As shown in this table, the
maximum relative displacement occurred between the first layer of EPS and the
foundation soil.

184

Table 4.11. Relative X-displacement between layers
Maximum
Cumulative
Relative
STRAIN

X-displacement
Sliding Between

X-displacement
(cm)
(cm)

1

Layer 1/ Soil Foundation

5.7456

5.7456

2

Layer 2/ layer 1

0.1259

5.8715

3

Layer 3/ layer 2

0.1239

5.9954

4

Layer 4/ layer 3

0.1216

6.117

5

Layer 5/ layer 4

0.1226

6.2396

The cumulative X-displacement column in Table 4.11 represents the sliding of each
layer with respect to the soil foundation. The maximum total cumulative relative
displacement of 6.2396 cm corresponds with the total sliding that occurred in the top
layer of EPS with respect to the foundation soil. Since the cumulative strain is relative
displacement with respect to the foundation soil, the cumulative X-displacement of the
uppermost block, 6.2396 cm, is less than the total horizontal displacement of the whole
embankment (7.24 cm).
As a conclusion of this study, since seven time-histories were considered in these
analyses based on the AASHTO (2010) recommendations, the mean of the x- and ydisplacement, 6.13 cm and 0.1458 cm, can be considered the estimated deformations that
can be anticipated to occur in the EPS embankment under earthquakes for that specific
site.
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Acceptability of these horizontal and vertical displacements needs to be defined
based on the importance of the structure, cost and the probability of occurrence of
earthquakes to determine if the estimated deformations are tolerable. Duncan and Wright
(2005) provide a recommendation for tolerable deformation that varies from 15 cm in the
case of landfill base liners to 100 cm for dams.
As a result of this study, although the factor of safety measured in Chapter 3 for the
NY Route 23A project under seismic loading is less than 1, the amount of deformation
might be acceptable for this project. A 6.13-cm horizontal displacement of pavement may
not cause a life-safety risk to users of the highway system. However, this consideration
might not be limited to only the highway system and the effect of this deformation on
adjacent structures, facilities and utilities should also be considered.
4.2. RECOMMENDED DESIGN GUIDELINE BASED ON DEFORMATION
ANALYSIS
This chapter provides a summary of a recommended seismic design procedure for
slopes stabilized with EPS-block geofoam based on deformation analysis. In order to
perform deformation analysis, a numerical investigation needs to be performed.
Numerical investigation can be performed through the following four steps: 1) defining
the geometry of the project, 2) defining the material properties of soil and EPS blocks, 3)
applying boundary conditions and earthquake ground motions, and 4) evaluating
numerical analysis results and comparing the results with selected deformation
performance criteria. A summary of the recommended deformation-based seismic
analysis procedure is shown in Figure 4.32.
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During the first step of the numerical analysis (Step 6.1 of Figure 4.32), the geometry
of the project with an appropriate mesh size should be generated. The mesh size needs to
be selected wisely. In general, the FLAC manual provides recommendations for selecting
the mesh size. Based on these recommendations, the mesh size should be selected in such
a way as to ensure an accurate wave transmission.
During the second step (Step 6.2 of Figure 4.32), the dynamic properties of the soil
and EPS material are defined. The geofoam dynamic parameters required to perform
seismic analysis are the maximum shear modulus (Gmax), shear modulus degradation
(G/Gmax) and damping ratios. Performing resonant column and MASW tests can be
effective methods in capturing the variation of density and shear modulus through EPS
blocks. For more economical design, it might be useful to evaluate the small-strain
dynamic properties of the EPS material (G0 and D0) from MASW tests, and consider the
strain dependence of EPS material (shear modulus degradation G( )/G0) from laboratory
testing as described by Equation 4.13.

G( )

(G0 ) MASW .[

G( )
]Lab
G0

(4.13)

It should be noted that in the evaluation of dynamic properties of EPS blocks, the
MASW results should not be used alone. It is recommended that MASW results only be
used in conjunction with resonant column results. Resonant column tests can be
performed on the samples obtained from an EPS block based on the NCHRP 24-11(01)
sampling procedure (Stark et al. 2004).
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The third step (Step 6.3 of Figure 4.32) consists of applying loading and boundary
conditions. It is recommended to apply the earthquake ground motions as shear stresses
through flexible base boundary conditions. Earthquake ground motions can be generated
or selected from the database with respect to the seismological environment of the
project. Earthquake ground motions need to be transferred from bedrock to the surface of
the site through site response analysis. The response spectra of the surface earthquake
ground motions needs to match the target response spectrum. In order to avoid a residual
velocity or displacement in the FLAC model, baseline correction needs to be performed.
The last step of the numerical analysis (Step 6.4 of Figure 4.32) consists of analyzing
and evaluating the numerical results and comparing the deformation estimated from the
numerical results with tolerable deformation criteria. The FLAC model needs to first run
under static loading to reach equilibrium. Then, dynamic analysis with appropriate time
steps can be performed to evaluate the deformation and displacement of the EPS
embankment under seismic loading. After evaluating the results, horizontal and vertical
displacements of the crest of the EPS embankment need to be compared with tolerable or
acceptable displacement values. Acceptability criteria need to be defined based on the
importance of the structure, cost and the probability of occurrence of earthquakes by the
project authorities. Duncan and Wright (2005) provide a recommendation for tolerable
deformation that varies from 15 cm in the case of landfill base liners to 100 cm for dams.
Abramson et al. (2002) provide the following examples of tolerable seismic permanent
displacement levels:
•

Hynes-Griffin and Franklin (1984) suggest that up to 100-cm displacements may
be acceptable for well-constructed earth dams.
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•

Wieczorek et al. (1985) used 5 cm as the critical parameter for a landslide hazard
map of San Mateo County, California.

•

Keefer and Wilson (1989) used 10 cm for coherent slides in southern California.

•

Jibson and Keefer (1993) used a 5- to 10-cm range for landslides in the
Mississippi Valley.

•

The State of California (1997) finds slopes acceptable if the Newmark
displacement is less than 15 cm. A slope with a Newmark displacement greater
than 30 cm is considered unsafe. For displacements in the “grey” area between
15 and 30 cm, engineering judgment is required for assessment.

Establishing tolerable permanent displacements for slopes that support highway
system components requires communication between the geotechnical and structural
engineers. Evaluation and assessment of acceptable displacement should not only be
limited to the highway system but also to the effect of EPS embankment displacement on
adjacent structures, facilities and utilities.
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Figure 4.32. Overview of seismic design guidelines based on deformation analysis.
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4.3. CONCLUSIONS
Performance-based design is rapidly becoming a part of the practice in seismic
design of earth structures (Finn 2013). Slopes and embankments that have been rejected
based on the factor of safety obtained from limit equilibrium analysis are now routinely
designed on the basis of “acceptable” or “allowable” seismic deformation design
methods. However, performance-based design methods are not currently as wellestablished for earth structures, including slopes, as they are for buildings. A need in
practice for evaluating the post-earthquake serviceability of slopes causes a shift from the
traditional force-based design methods used in limit equilibrium analysis to displacement
or deformation-based design analysis.
Since a reliable and economical design needs a dependable estimation of material
properties, a comprehensive research project on dynamic properties of EPS material
utilizing MASW and resonant column test devices was performed. Results of this
investigation show that the shear modulus values obtained from MASW tests on a fullsize EPS block are about 18% higher than resonant column tests, which can lead to a
more economical design. The measured dynamic properties including maximum shear
modulus and shear modulus degradation from resonant column and MASW tests, can be
used in FLAC analysis to incorporate the nonlinear behavior of material in the design.
In order to demonstrate the use of the recommended performance-based design
procedure based on deformation analysis, the NY Route 23A case history was reanalyzed. The results of performing FLAC analysis show that a maximum xdisplacement of 7.24 cm due to Earthquake 2 is achieved. Since seven time histories were
considered in these analyses, based on the AASHTO (2010) recommendations, the mean
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of the x- and y- displacements, 6.13 cm and 0.1458 cm respectively, can be considered as
the behavior of EPS embankments under earthquakes. Acceptability of these horizontal
and vertical displacements needs to be defined based on the importance of the structure,
cost and the probability of occurrence of this event by the project authorities. Therefore,
although the factor of safety measured in Chapter 3 for this project under seismic loading
is less than 1, the amount of deformation might be acceptable for this project. A 6.13 cm
horizontal displacement of pavement may not cause a life-safety risk to users of the
highway system. However, this consideration might not be limited only to the highway
system, and the effect of this deformation on adjacent structures, facilities and utilities
should also be considered.
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Chapter 5: Conclusions
5. INTRODUCTION
The NCHRP 24-11(02) research project (Arellano et al. 2011a; 2011b) identified
various issues related to the seismic analysis of EPS-block geofoam slope systems where
further research would enhance the current seismic design procedure. First, the need
exists for a method that considers the effect of the horizontal joints between layers of
EPS blocks in limit equilibrium seismic stability analysis. Second, the need exists for
developing a procedure of evaluating the lateral earth pressure distribution adjacent to the
EPS fill mass from the adjacent upper slope material. Third, the need exists for a
deformation-based seismic stability analysis procedure that can complement the limit
equilibrium seismic analysis procedure. Fourth, the need exists for recommended
dynamic properties of EPS material that can be used in design. The research performed as
part of this dissertation addressed each of these four issues and, in doing so,
accomplished the overall goal of this research, which was to develop a comprehensive
seismic analysis procedure for the use of expanded polystyrene (EPS) – block geofoam in
landslide stabilization and repair.
To accomplish the overall research goal, the following research objectives were
pursued: (1) develop a method to evaluate the seismic stability of EPS embankments
based on limit equilibrium methods of analysis, (2) develop a method to evaluate the
seismic stability of EPS embankments based on stress-strain (deformation analysis), and
(3) develop a seismic stability analysis procedure that incorporates the findings of
Objectives 1 and 2.
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This chapter provides the key findings of the three research objectives, including the
recommended comprehensive seismic analysis procedure for the use of expanded
polystyrene (EPS)- block geofoam in landslide stabilization and repair. However, since
the recommended seismic analysis procedure was developed to complement the overall
design procedure for the use of EPS-block geofoam in slope stabilization and repair
developed as part of the NCHRP 24-11(02) project, an overview of the overall NCHRP
24-11(02) design procedure is presented first. This chapter also provides suggestions as
to where further research could enhance the current state of knowledge of geofoam.
5.1. OVERVIEW OF SEISMIC SLOPE STABILITY ANALYSIS PROPOSED BY
NCHRP 24-11(02)
Arellano et al. (2011a; 2011b) provide design guidelines for the use of EPS-block
geofoam in slope stabilization and repair applications [available online at:
http://onlinepubs.trb.org/onlinepubs/nchrp/docs/ NCHRP24-11(02)_FR.pdf)]. The overall
design procedure consists of the following steps:
1) Perform background investigation,
2) Select a preliminary type of EPS and assume a preliminary pavement system
design,
3) Optimize the volume and location of the EPS fill,
4) Modify the optimized EPS fill as needed for constructability,
5) Analyze static slope stability (External),
6) Analyze seismic stability and overturning (External),
7) Analyze seismic stability (Internal),
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8) The design pavement system,
9) Evaluate of the effect of pavement system design on previous failure mechanisms
already analyzed,
10) Analyze load bearing (External),
11) Analyze settlement,
12) Analyze bearing capacity (External),
13) Address final design details.
Figure 5.1 provides an overview of the above-mentioned steps as a flow chart. Since
the goal of this research is to develop a seismic analysis procedure for the use of
expanded polystyrene (EPS)-block geofoam in landslide stabilization and repair, a
summary of Steps 6 and 7, which involve external and internal seismic stability analysis,
is provided in Section 1.3.1 of the Introduction.
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Figure 5.1. Complete design procedure for EPS-block geofoam slope fills
(Arellano et al. 2011a).
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5.2. RECOMMENDED SEISMIC DESIGN PROCEDURE BASED ON LIMIT
EQULIBRIUM ANALYSIS
This section provides a recommended seismic design procedure for slopes stabilized
with EPS-block geofoam based on limit equilibrium analysis. The recommended
procedure consists of the same four steps included in the NCHRP 24-11(02) design
procedure. However, the analyses developed during this dissertation research have been
incorporated in to those four steps, which consist of: 1) estimating the seismic-response
acceleration of the natural soil or rock below the EPS fill mass and selecting the NEHRP
amplification factor for the site, 2) estimating the seismic-response acceleration at the top
of the EPS fill mass, 3) determining the seismic inertia forces from the adjacent slope
material, and 4) evaluating horizontal sliding (internal and external) failure mechanisms
and overturning of a vertical-sided embankment. Figure 5.2 provides the updated
recommended limit equilibrium seismic design procedure for EPS-block geofoam slope
fills which will be elaborated on in subsequent sections.
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Figure 5.2. Overview of updated seismic design guidelines based on limit equilibrium analysis.
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1) Estimating the seismic-response acceleration of the natural soil or rock at the
base of the EPS fill mass and selecting the NEHRP amplification factor for the site
(Step 6.1)
Using the USGS seismic hazard curves (available at
http://earthquake.usgs.gov/hazards/ designmaps/ aashtocd.php) for bridges with respect to
soil site class, the site-modified acceleration response spectrum can be developed. The
spectral response acceleration with a seven percent probability of exceedance in 75 years
is recommended by AASHTO 2010. Figure 5.3 provides an example of a site-modified
acceleration response spectrum. The seismic acceleration corresponding to the period of
zero is the peak ground acceleration (PGA).

Figure 5.3. Example of a site-modified acceleration response spectrum.

In order to perform pseudo-dynamic analysis, the site amplification factors needs to
be defined. The NEHRP site amplification factor can be determined as a function of soil
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site class, Type A through F (AASHTO 2010) and mapped peak ground motion (PGA),
as shown in Table 5.1 and defined as Fpga in Figure 5.3.

Table 5.1. Values of Site Factor, Fpga, at Zero-Period on Acceleration Spectrum
(AASHTO 2010)
Site
Class

Mapped Peak Ground Acceleration Coefficient (PGA)1
PGA<
PGA=
PGA =
PGA =
0.10
0.20
0.30
0.40
0.8
0.8
0.8
0.8
1.0
1.0
1.0
1.0
1.2
1.2
1.1
1.0
1.6
1.4
1.2
1.1
2.5
1.7
1.2
0.9
*
*
*
*

PGA>
0.50
0.8
1.0
1.0
1.0
0.9
*

A
B
C
D
E
F2
Notes:
1
Use straight-line interpolation for intermediate values of PGA.
2
Site-specific geotechnical investigation and dynamic site response analysis should be performed
for all sites in Site Class F.

2) Estimating the seismic-response acceleration at the top of the EPS fill mass
(Step 6.2)
After estimating the free surface motion acceleration in Step 1, the seismic-response
acceleration at the top of the EPS-block geofoam fill mass must be estimated. NCHRP
24-11(02) recommends a simplified seismic response method based on the single-degreeof-freedom model in the evaluation of seismic response acceleration on top of the EPS
embankment. This method consists of the following steps: (a) estimate the fundamental
period of the EPS-block geofoam embankment, (b) determine the maximum horizontal
acceleration (Sa), (c) calculate the maximum horizontal acceleration coefficient (kh), and
(d) evaluate the seismic inertia forces produced by the horizontal acceleration.
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a) Estimate the fundamental period of the EPS-block geofoam embankment
NCHRP 24-11(02) proposed a method for estimating the fundamental period of the
EPS fill mass in the slope. In this method, the SDOF model is used to estimate the
resonant period, (To), of the EPS fill mass in slope applications by converting the sloped
EPS cross-section shown in Figure 5.4a to a stand-alone embankment cross section that
has an equivalent EPS cross-sectional area that is equal to the actual cross-sectional
area of the EPS-block geofoam slope system as shown by Model 1 in Figure 5.4b and
Model 2 in 5.4c (Arellano et al. 2011a). Equation 5.1 can be used to obtain To for each of
the two models. The higher resulting spectral acceleration value, Sa, that is obtained from
the site-modified acceleration response spectrum between the two To values can be used
to determine the seismic coefficient, i.e., k = Sa/g, which can be used in pseudo-static and
pseudo-dynamic slope stability analyses.

T0

2

'v0 H
Et i g

H
4
B

2

1

12
1
5

2

(5.1)

where

T0

= resonant period of the SDOF system

H

= height of embankment

E ti

= initial tangent Young’s modulus of the EPS

g

= gravitational constant = 9.81 m/s2 = 32.2 ft/s2

B

= embankment width
=

Poisson’s ratio for the EPS (typically taken to be

0.1 within the

elastic range as is applicable for lightweight-fill applications)
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a)
Lumped mass of
pavement system & load
distribution slab (if any)

Lumped mass of
pavement system & load
distribution slab (if any)

B’
B

H’

H

EPS Blocks =
massless, elastic
canilever beam

EPS Blocks =
massless, elastic
canilever beam
B’ selected so model has same
area as actual EPS fill

H’ selected so model has same
area as actual EPS fill

c)

b)

Figure 5.4. Approximate (simplified) seismic modeling of an EPS fill (Arellano et al.
2011a).

b) Determine the maximum horizontal acceleration (Sa)
The maximum spectral acceleration, (Sa), is determined from the site response
spectrum with respect to the period of EPS-geofoam block. As shown in Figure 5.5, the
Sa is the higher resulting spectral acceleration value that is obtained from the sitemodified acceleration response spectrum.
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Sa
T2

T1

Figure 5.5. A site-modified acceleration response spectrum.

(c) Calculate the maximum horizontal acceleration coefficient (kh)
The maximum horizontal acceleration coefficient (kh) can be obtained from Equation
5.2.

kh = Sa/g

(5.2)

As mentioned before, in this study only horizontal acceleration is considered. The
seismic vertical acceleration coefficient (kv) is generally ignored in practice. The reasons
for not considering the seismic vertical acceleration coefficient (kv) in design are that 1)
the peak vertical ground acceleration generally does not occur at the same time as the
peak horizontal ground acceleration, and 2) the vertical ground accelerations generally
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have a different phase and frequency from the horizontal ground accelerations and
therefore can be acting in different directions (FHWA-NHI 11-032).
(d) Evaluate the seismic inertia forces produced by the horizontal acceleration
The seismic inertia forces due to the seismic horizontal accelerations coefficient can
be determined through Equation 5.3:

Fh = khW

(5.3)

3) Determining the seismic inertia forces from adjacent slope material (Step
6.3)
NCHRP 24-11(02) recommends the Mononobe-Okabe method to evaluate the effect
of the natural slope material on the external and internal seismic stability of EPS-block
geofoam embankments. The M-O method provides the magnitude of the total (static and
dynamic) active seismic earth pressure force but not a specific force location nor an
equivalent pressure distribution behind the wall. The location of the resultant force and an
equivalent earth pressure distribution are needed for external and internal seismic
stability analysis of EPS-block geofoam slopes. The M-O total (static and dynamic)
earthquake active earth pressure can be separated into a static and a seismic component.
NCHRP 24-11(02) recommends the procedure proposed in the WSDOT geotechnical
design manual (WSDOT 2010) in which the resultant of the dynamic component is 0.6H
from the bottom, and the pressure distribution for the dynamic effect is an inverted
trapezoid with pressure at the top of 0.8
0.2 Kae

Kae

H and a pressure at the bottom of

H.
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Therefore, the locations of the static and seismic components of active earth pressure
shown in Figure 5.6 are recommended for analysis of geofoam slope systems.

0.8(KAE KA ) (1 kv )H

K A (1 k v ) H

0.2(K AE K A ) (1 kv )H

Figure 5.6. Static and dynamic components of active earth pressure (Arellano et al.
2011a).

Outcomes of this study show that with respect to the amplification of the site, the
results of either pseudo-static or pseudo-dynamic analysis can be dominant and can
capture the maximum lateral earth pressure from the adjacent natural slope on EPSblocks embankments. Therefore, it is recommended to perform both pseudo-static and
pseudo-dynamic analysis to evaluate the maximum lateral earth pressure behind the EPSblock geofoam embankments due to the adjacent slope material.
Pseudo-static and pseudo-dynamic analysis can be performed through the proposed
method in Section 3.1 of Chapter 3. The maximum lateral earth pressure is the higher
value of the pseudo-static and pseudo-dynamic analysis.
4) Evaluating the horizontal sliding (internal and external) failure mechanisms
and overturning of a vertical-sided embankment (Step 6.4)
After the seismic lateral earth pressure is estimated, the external and internal
horizontal sliding mechanism can be analyzed. The proposed horizontal slice method
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summarized in Section 3.2 can be used to evaluate horizontal sliding of EPS
embankments.
Other failure mechanisms of external seismic stability analysis including slope
instability, overturning of a vertical sided embankment, bearing capacity failure of the
existing foundation earth material, and settlement of the existing foundation material, as
well as other failure mechanisms of internal seismic stability analysis including load
bearing failure of the blocks and seismic rocking can be designed based on NCHRP 2411(02) design guidelines.
A case history example of the above-mentioned steps, Steps 1 through 4, in seismic
design of slopes stabilized with EPS-block geofoam based on limit equilibrium analysis
is provided in Section 3.4.
5.3. RECOMMENDED SEISMIC DESIGN PROCEDURE BASED ON
DEFORMATION ANALYSIS (PERFORMANCE BASED DESIGN)
This section provides a recommended seismic design procedure for slopes stabilized
with EPS-block geofoam based on deformation analysis. The recommended procedure
consist of the following four steps: 1) defining the geometry of the project, 2) defining
the material properties of the soil and EPS blocks, 3) applying boundary conditions and
earthquake ground motions, and 4) evaluating the numerical analysis and comparing the
results with selected deformation performance criteria. Figure 5.7 provides an overview
of the steps of the recommended seismic design procedure based on deformation analysis
(performance based design).
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Figure 5.7. Overview of updated seismic design guidelines based on deformation analysis.
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5.3.1. Geometry (Step 6.1)
The geometry of the project needs to be defined in the first step. The visual FLAC
interface as well as the “fish” programing language can be used to generate the mesh. In
general, the FLAC manual (Itasca 2005) provides recommendations for selecting the
mesh size. Based on these recommendations, the mesh size needs to be selected in a way
to ensure accurate wave transmission. The maximum wave frequency that can be
accurately modeled is:

f

Cs
10 l

(5.4)

where Cs is the lowest shear wave speed in the model and l is the largest mesh size.
To create a horizontal slippage surface between EPS block layers, interface elements
can be used. Interfaces act like two springs in the normal and shear directions with their
own specific stiffness. The FLAC manual (Itasca 2005) recommends defining the
stiffness of these springs from Equation 5.5:

kn

ks

(

10
)( K
Z min

4
G)
3

(5.5)

where,
Z min is the smallest width of an adjoining zone in the normal direction, and K and G

are the bulk and shear modulus.
FLAC also requires properties such as friction angle, cohesion, and tensile strength
for interfaces. However, zero cohesion and tensile strength may be considered to allow
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for separation between geofoam layers. Also, the dilatation due to sliding can be assumed
to be negligible.
5.3.2. Material properties (Step 6.2)
A reliable and economical design requires a dependable estimation of material
properties. Dynamic parameters are input to the material constitutive models that predict
the behavior of materials under dynamic loading. Therefore, the material dynamic
properties used in deformation analysis will have a significant effect on design.
Performing resonant column tests as well as MASW tests can be effective methods
to capture the variation of density and shear modulus throughout the block. It might be
useful to evaluate the small strain dynamic properties of EPS material (G0 and D0) from
MASW tests and consider the strain dependence of EPS material (shear modulus
degradation, G( )/G0) from laboratory testing as described by Equation 5.6.

G( )

(G0 ) MASW [

G( )
]Lab
G0

(5.6)

This methodology has been suggested by Sica et al. (2002) for soil material in order
to minimize the effect of sampling and laboratory disturbance. As mentioned in Section
4.1.2.3, although the MASW test provides a 2-D profile of the shear modulus of the block
with a higher resolution and higher values, estimates of the shear modulus of the EPS
block just based on the MASW test might be unconservative. As a result of this study, we
suggest considering the MASW results only in concert with results from sampling of the
whole length of the block.
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After the dynamic properties of the EPS material are defined, an appropriate
constitutive model needs to be selected. Constitutive models should be selected that are
consistent with EPS and soil material behavior. Literature research shows that most
researchers have used the elastic model for modeling the behavior of EPS material. Using
a linear elastic constitutive model for EPS material is consistent with the design
guidelines of NCHRP 24-11(01), which recommends that loads be limited to within one
percent strain (Zone 1, elastic range, as described in Section 1.2.2.1). In addition, the
literature shows that interface sliding between EPS blocks is initiated before the
development of shearing through the blocks, and therefore linear elastic modeling of EPS
material is acceptable (Bartlett and Lawton 2008). Zarnani and Bathurst (2009)
investigated the influence of constitutive models on numerical simulation of EPS material
for the application of seismic buffers. The authors suggested that elastic models can
capture the qualitative trend of forces in walls and had good quantitative agreement with
other models. Therefore, the linear elastic model can be used for EPS applications in
slope stabilization and repair.
Damping parameter is another parameter required in FLAC modeling. In general,
natural dynamic systems have some kind of damping due to internal friction or slippage
along interfaces. FLAC needs a damping system to avoid infinite oscillation of the
model. FLAC has two mechanical damping options that can be used in dynamic
problems: Rayleigh damping and hysteretic damping. Rayleigh damping is a frequencyindependent damping system that provides an average response for all ranges of strain,
while the hysteretic damping option allows a strain-dependent modulus and damping
function to be included in the analyses. In general, the FLAC manual (Itasca 2005)
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recommends the hysteretic damping option because it is more realistic and entails no
reduction in time step. Therefore, the stress-strain and damping behavior of EPS-block
geofoam material should be modeled with the hysteric damping option.
FLAC’s hysteric damping option allows nonlinear, shear-strain-dependent modulus
and damping in the geofoam material. To implement FLAC’s hysteric option, shear
modulus degradation results obtained from resonant column tests can be used in Equation
5.7.

Ms

a
1 exp( ( L

x0 ) / b)

(5.7)

where Ms is the shear modulus with respect to shear strain (G( )), L is the
logarithmic value of shear strain and a, b, and X0 are the model fitting parameters.
5.3.3. Boundary condition and loading (step 6.3)
As mentioned in Chapter 4, modeling the dynamic input and boundary conditions in
FLAC are related. Dynamic input in FLAC can consist of a) an acceleration history, b) a
velocity history, c) a stress (pressure) history, or d) a force history (Figure 5.8).
It is recommended that the earthquake ground motions be applied to the model as
shear stresses through flexible base boundary conditions as described in Section 4.1.3.
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Figure 5.8. Types of dynamic loading boundary conditions available in FLAC
(FLAC manual, Itasca, 2005)

In performance-based design analysis, a number of ground motions (GMs) are
selected to be used as the input motions. Different seismic codes, such as AASHTO, have
different ground motion selection provisions. AASHTO (2010) requires “at least three
response-spectrum compatible time histories shall be used for representing the design
earthquake (ground motions having seven percent probability of exceedance in 75 years)
when conducting dynamic ground motion response analyses or nonlinear inelastic
modeling of bridges.” It also adds, “if a minimum of seven time histories is used for each
component of motion, the design actions may be taken as the mean response calculated
for each principal direction.”
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The selected ground motions should represent the main seismological parameters
and geological features of the site. Examples of seismological parameters that need to be
considered in GM selection include tectonic environment (e.g. subduction zone; shallow
crustal faults in the western or eastern United States); earthquake magnitude; type of
faulting; seismic-source-to-site distance; local site condition; and design or expected
ground motion characteristics (e.g. design response spectrum) (AASHTO 2010).
Performing deaggregation analysis can provide a dominant seismic-source-to site
distance and dominant earthquake magnitude for the specific site locations. The U.S.G.S
online application (available at: https://geohazards.usgs.gov/deaggint/2008/) can be used
for performing the deaggregation analysis.
There are two approaches in choosing the earthquake ground motions for analysis: 1)
earthquake generation and 2) earthquake selection.
5.3.3.1. Earthquake generation
The computer program SMSIM (available online at
http://www.daveboore.com/software_online.html), which is based on the stochastic
point-source model, can be used to compute the input ground motions at the surface of
the reference bedrock for the site by using the seismological parameters of the region
(Eastern and Central U.S. or Western U.S.). See section 4.1.3.1 for more information.
5.3.3.2. Earthquake selection
The National Geophysical Data Center (NGDC), USGS, PEER, California Strong
Ground Motion Instrumentation Program, or other appropriate strong motion databases
can be used for earthquake selection. The PEER website
(http://peer.berkeley.edu/peer_ground_motion_database/) allows authors to select
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appropriate earthquakes based on dominant seismological parameters and geological
features of the site.
5.3.3.3. Ground response analysis
Once the earthquake bedrock ground motions are generated, the ground response
analysis needs to be performed to predict the free surface motions from the bedrock time
histories (Figure 5.9).

Figure 5.9. Ground response analysis concepts.

The SHAKE 91 computer program, which is based on the equivalent linear method,
is the most widely used program in evaluating the soil site response (Idriss and Sun 1992;
Cramer 2006; Hartzel et al. 2005; Wen and Wu 1999). One-dimensional ground response
analysis, which is employed in this program, assumes infinitely extended horizontal soil
and bedrock layers. SHAKE 91 also assumes that the response of a soil is caused by
vertical propagation of SH-waves (Kramer 1997). Therefore, SHAKE 91 is
recommended for performing the site response analysis.
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5.3.3.4. Spectral Matching
Spectral matching can be performed in the time domain or frequency domain
(Evangelos et al. 2010). While frequency domain spectral matching is commonly used to
reduce the spectral mismatch (Hancock et al, 2006), it can result in motions with
unrealistically high energy content (Naeim and Lew 1995). An alternative method is to
perform spectral matching in the time domain by adding wavelets, which introduce less
energy into the ground motions (Hancock et al. 2006).
The SeismoMatch software program (available at:
http://www.seismosoft.com/en/SeismoMatch.aspx) and EZ-frisk (available at
http://www.ez-frisk.com/Tech/SpectralMatching/Spectral.html) can be used for this
purpose.
5.3.3.5. Baseline correction
Ground motion time histories might cause a residual velocity or displacement in the
FLAC model because the integral of the complete time history may not be zero, i.e, the
displacement time history may not be zero. Baseline correction can be performed by
adding or subtracting a low-frequency wave that leads to zero displacement. Various
software programs such as FLAC and Seismosignal can be used for this purpose.
5.3.3.6. Applying dynamic loading
It is recommended to apply the earthquake ground motions through a shear stress
time history. The input earthquake ground motion histories need to be transformed into
stress histories through Equations 5.8 and 5.9 as recommended by the FLAC manual
(Itasca 2005):
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n

2( C p )Vn

(5.8)

s

2( Cs )Vs

(5.9)

where
n

= applied normal stress;

s

= applied shear stress;

= mass density of the medium;
Cp = speed of p-wave propagation through the medium;
Cs = speed of s-wave propagation through the medium;
vn = input normal particle velocity; and
vs = input shear particle velocity.

5.3.4. Applying Boundary Condition
In order to apply earthquake time histories to the model, a flexible base (as shown in
Figure 4.25) can be used. A flexible base consists of a quiet boundary on the base of the
model and free-field boundaries on the sides of the model. Wave reflections at boundaries
can be minimized by applying quiet and/or free-field boundary conditions (Itasca 2005).
5.4. EVALUATING AND COMPARING THE CRITERION PARAMETERS
(STEP 6.4)
The last step of a numerical analysis consists of analyzing and evaluating the
numerical results and comparing the deformation estimated from the numerical results
with a acceptable deformations. The FLAC model needs to first run under static loading
to reach equilibrium. Then, dynamic analysis with appropriate time steps can be
performed to evaluate the deformation and displacement of the EPS embankment under
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seismic loading. The horizontal and vertical deformations of the crest of the EPS
embankment need to be compared with acceptable deformation values. Acceptable
deformations need to be defined by the project authorities based on the importance of the
structure, cost and the probability of occurrence of the earthquakes. Duncan and Wright
(2005) provide recommendations for acceptable deformations that vary from 15 cm in the
case of landfill base liners to 100 cm for dams. Abramson et al. (2002) provide the
following examples of tolerable seismic permanent displacement levels:
•

Hynes-Griffin and Franklin (1984) suggested that displacements up to 100 cm
may be acceptable for well-constructed earth dams.

•

Wieczorek et al. (1985) used 5 cm as the critical parameter for a landslide hazard
map of San Mateo County, California.

•

Keefer and Wilson (1989) used 10 cm for coherent slides in southern California.

•

Jibson and Keefer (1993) used a 5- to 10- cm range for landslides in the
Mississippi Valley.

•

The State of California (1997) finds slopes acceptable if the Newmark
displacement is less than 15 cm. A slope with a Newmark displacement greater
than 30 cm is considered unsafe. For displacements in the “grey” area between
15 and 30 cm, engineering judgment is required for assessment.

Establishing tolerable permanent displacements for slopes that support highway
system components requires communication between the geotechnical and structural
engineer. Evaluation and assessment of acceptable displacement should not be limited
only to the highway system, but consideration should also be given to the effects of EPS
embankment displacement on adjacent structures, facilities and utilities.
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A case history example of the above-mentioned steps in seismic design of slopes
stabilized with EPS-block geofoam based on deformation analysis is provided in Section
4.1.
5.5. COMPREHENSIVE SEISMIC DESIGN GUIDELINES
Two primary approaches available for performing seismic stability analysis of slopes
include limit equilibrium (force-based) or numerical analysis (deformation-based) design
approaches. Section 5.2 provides an updated design guideline based on limit equilibrium
analysis and Section 5.3 provides design guidelines based on numerical analysis.
The choice of which analysis approach to use is project dependent. Projects with
higher importance that require a higher performance level should be designed based on
more sophisticated methods such as numerical analysis, whereas projects with lower
levels of concern might be designed based on simplified methods of analysis such as limit
equilibrium analysis (Sica et al. 2002).
It is recommended in this study to use the limit equilibrium analysis for preliminary
design, screening purposes or to evaluate the response of EPS-block geofoam
embankment in case of low seismic excitation levels. Performance-based design analysis
can be used to verify the preliminary design or to evaluate the behavior of EPS
embankments under high seismic excitation levels.
Figure 5.10 provides comprehensive seismic design guidelines for slopes stabilized
with EPS-block geofoam material that is a part of Steps 6 and 7 of the overall design
procedure recommended by NCHRP 24-11(02) and shown in Figure 5.1.
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6
Seismic Design of EPS- block
Geofoam Embankment

Perform Seismic stability analysis based on
limit equilibrium methods
Described in Figure 5.4.

Does the structure need more
sophisticated analysis?

Yes

No

Perform Seismic stability analysis based on
deformation method
Described in Figure 5.5.

End of Seismic Design
Go to Step 8 of Figure 5.1.

No
Does the damage criteria satisfied?

Modify the cross section of EPSembankmnent

Yes

End of Seismic Design
Go to Step 8 of Figure 5.1.

Figure 5.10. Overview of comprehensive seismic design guidelines for the use of EPSblock geofoam in slope stabilization and repair.
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5.6. FUTURE WORK
Future work related to limit equilibrium analysis includes:
1.

Update the proposed method for estimation of seismic lateral earth pressure
behind the EPS embankment to incorporate the effect of heterogeneous material,
including the effect of drainage backfill material, in analysis.

2.

Investigate the effect of pavement surcharge on the seismic lateral earth pressure
distribution.

3.

Modify the proposed method for estimation of seismic lateral earth pressure to
estimate the lateral earth pressure due to a sloped backfill.

4.

Develop software that can implement the proposed method automatically.
Future work related to deformation analysis includes:

1.

Compare the seismic lateral earth pressure behind the EPS-block geofoam
embankment with limit equilibrium methods.

2.

Implement various types of constitutive models for modeling the EPS and soil
material in numerical analysis and evaluate the effects of them in design.

3.

Perform MASW testing in the field to evaluate the full-size dynamic properties of
EPS material under in-situ conditions.

4.

Evaluate the model for various probability of occurrence of an earthquake to
evaluate the method under earthquakes with various return periods in design.
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Appendix A
A.1. Introduction
A reliable and economical design needs a dependable estimation of material
properties. Dynamic properties are input parameters to the constitutive material models
that predict the behavior of materials under dynamic loading. A literature search revealed
significant uncertainties in the evaluation of EPS material properties such as the effect of
specimen size, test procedure, and in-situ stresses. So as part of this research, a
comprehensive study of the dynamic properties of EPS blocks was performed. This
investigation were performed in two steps: 1) estimation of dynamic properties of EPS
material on a full-size EPS block utilizing the MASW method 2) evaluating the dynamic
properties of EPS material on small laboratory specimen using the resonant column
device. A summary of the MASW and resonant column tests is described in next.
A.2. MASW test procedure
[MASW tests were performed in a collaboration work with Dr. Shahram Pezeshk and
Mr. Seyed Mehrdad Hosseini at The University of Memphis. Software developed for data
analysis and processing was developed by Mr. Hosseini (Hosseini et al. (to be
submitted)).]
MASW is a geophysical test procedure that is typically used to evaluate the smallstrain shear-wave velocity of subsurface soils. The MASW test is performed by placing
geophones (typically 24) on the ground surface that record the time histories of
propagating waves from an active or passive seismic source located at various distances
(offsets) from the sensors. Active seismic source waves are generated by hitting the
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ground at a specified location with a source such as a sledge hammer whereas passive
seismic source waves are generated from random sources such as nearby vehicle traffic.
In MASW testing, the seismic source is chosen based on the survey depth desired.
Seismic sources with large impact energy such as heavy falling weights can be used for
deep investigations (Park 2011). Seismic sources with lower impact energy such as small
balls can be used for shallow investigations (Cho and Lin 2005). An active seismic
source consisting of a tennis ball, approximately 6.7 cm (2.64 inch) in diameter, was
utilized in testing a full-size EPS block. Forty-eight 4.5-Hz geophones similar to the one
shown in Figure A.1a were placed on top of the 0.96 m x 1.22 m x 7.32 m (3.17 ft x 4 ft x
24 ft) EPS block at 15.24-cm (0.5-ft) intervals as shown in Figure A.2. Time histories of
propagating waves were collected by dropping the tennis ball from a height of
approximately 15 cm (5.9 inch) onto the surface of the EPS block at 48 different
locations or stations. At each station, the test was repeated five times, i.e., the ball was
dropped five times, and for each test the geophones recorded time histories of
propagating waves.
The time histories recorded by the geophones are digitized by a Geode (Figure A.1b)
and the digitized data is transferred to a portable laptop that contains the Geometric
Seismodule Controller ™ software package. The time histories of propagating waves
were recorded at time intervals of 0.125 milliseconds for a duration of 2 seconds. In the
software, data collection can be initiated automatically or manually. In automated
triggering, the start of the test is recognized by the software automatically from a trigger
installed the active seismic source and connected to the laptop computer. In manual
triggering, the start of test data collection for each test is manually triggered by the user.
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Since a tennis ball was used as the seismic source, automatic triggering was not an option
and the manual triggering method was used.

(a)

(b)

Figure A.1. (a) 4.5 Hz geophone, (b) Geode

One objective of MASW testing is to obtain shear wave velocity profiles at various
locations along the block length. A shear wave velocity profile is obtained at the
centerpoint of a string of 24 geophones aligned as shown in Figure A.2. The centerpoint
of the 24 geophones is called the midsection in Figure A.2. Shear wave velocity profiles
at other locations in the EPS block can be obtained by moving the geophone string. To
save time and to keep from having to reposition the geophones, 48 geophones were
installed along the block centerline and successive groups of 24 geophones were sampled
in order to obtain a 2-D image of the shear wave velocity in the block.

Offset

Midsect

Spacing (0.5 ft)

........
So
24
Figure A.2. Source-receiver configuration for active MASW test.
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Noise effects such as vibrations of the data
acquisition components and vibrations from
random noise sources not related to the specific
active seismic source used in the test can introduce
random errors in the test data. In order to
minimize noise, data acquisition system
components such as the geophone cables,
connection cables and Geodes were kept away
from contact with the EPS block during the tests.
In order to minimize random ambient noises that
typically occur during the day, the tests were
performed in the evening. Figure 4 shows the test
set up for the full-size EPS22 block, which had a
measured density of 20.9 kg/m3. The density was
A.2.1. Analysis

Figure A.3. Large scale EPS block
under MASW test at the
University of Memphis
Geotechnical Lab.

Analysis of MASW data consists of two primary steps: 1) dispersion analysis and 2)
inversion analysis. An overview of each of these steps is subsequently provided.
A.2.1.1. Dispersion Analysis
The purpose of dispersion analysis is to develop a dispersion curve from the time
histories recorded by the geophones. A dispersion curve is a plot of phase velocity versus
frequency as depicted in Figure A.4. Waves with different frequencies penetrate to
different depths, therefore; the dispersion curves show the variation of phase velocity by
depth for the investigating material.
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Dispersion curves can be dispersive or non-dispersive. In dispersive curves, different
frequency components of surface waves travel with different velocity and create a
dispersive curve (Figure A.4a). In soils, longer wave lengths (lower frequencies (f1))
penetrate to greater depth which usually involves higher densities. Therefore the waves
travel with higher velocities (V1> V2) (Figure A.4a). If all of the frequency components
travel with the same velocity, the dispersion curve will be non-dispersive and appear as a
straight line (Figure A.4b) (Park 2012).

(b)
(a)
Figure A.4. Phase Velocity vs Frequency for (a) dispersive curve, (b) Nondispersive curve.

As described previously, each geophone records the time history of the propagating
waves. Therefore, 24 time histories (traces) are recorded for each test. In order to create a
dispersion curve for each test, the recorded time histories (set of 24 traces) are
transformed to the frequency domain by utilizing the Fast Fourier Transformation (FFT).
A band pass filter with desired corner frequencies is used to filter the data for each
frequency range. The filtered time histories are plotted beside each other where the
vertical axis represents time and the horizontal axis represents the offset at which each
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geophone is located. By connecting the normalized peak amplitudes of all the traces
together, an inclined line can be drawn with a specific slope. The slope of each line
represents a unique velocity at which waves at each frequency are travelling and is called
the phase velocity. By repeating this procedure for the range of desired frequencies, a
contour (dispersion curve) which represents the variation of phase velocity with
frequency is generated.
The Surfseis software package developed by Kansas Geological Survey is used to
generate dispersion curves from the recorded time histories. The test configuration
details, such as source location, geophone spacing, and number of tests performed at a
given seismic source location, are the required software inputs needed to generate the
dispersion curves. In addition to the provisions previously described to minimize noise
effects, the following two additional procedures were also incorporated in the analysis to
minimize noise effects:
1) As described previously, at each active seismic source station, the test is repeated
5 times. A dispersion curve is developed for each test repetition at each midsection of a
set of 24 geophones and the dispersion curves from the 5 repetitions of the test are
stacked (summed) together to obtain a single dispersion curve.
2) As previously noted, a dispersion curve is obtained at the midsection of a set of 24
geophones for a given offset of the seismic source. Therefore, multiple dispersion curves
are obtained at a given midsection location from tests that are performed at various offset
locations. For example, Figure A.5 provides the various test offset locations and the
associated midsection locations of a set of 24 geophones located at Station 11.75, which
is at the center of the EPS block. Table A.1 provides the offset locations of each seismic
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source. Each offset location listed in Table A.1 represents a single test. Therefore, as
listed in Table A.1 and as depicted in Figure A.5, 13 different test offset locations are
associated with the midsection location at Station 11.75. Therefore, 13 dispersion curves,
one for each test offset location, are developed at Station 11.75.

H i t L o c a t io n

S ta ti o n # 1 1 . 7 5 - I n te r e s t s e c ti o n

R e c o r d in g G e o p h o n e s

Figure A.5. Geophone and test offset used to create a dispersion curve at
the middle of EPS. block (Station 11.75).
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Table A.1. Source offsets for midsection at Station 11.75
Source Location (hit)

Offset from the source

from one edge of block

as shown in Figure (A.5)

ft

m

ft

m

0.25

0.08

6.00

1.83

0.75

0.23

5.50

1.68

1.25

0.38

5.00

1.52

1.75

0.53

4.50

1.37

2.25

0.69

4.00

1.22

2.75

0.84

3.50

1.07

3.25

0.99

3.00

0.91

3.75

1.14

2.50

0.76

4.25

1.30

2.00

0.61

4.75

1.45

1.50

0.46

5.25

1.60

1.00

0.30

5.75

1.75

0.50

0.15

6.25

1.91

0.00

0.00

Figure A.6 shows the total number of dispersion curves after the two previously
described procedures were performed. As shown in Figure A.6, between 5 and 125
stacked dispersion curves were developed from all of the tests performed on the EPS
block. The stacked dispersion curves provide improved phase velocity data at various
frequencies compared to dispersion curves obtained from a single test.
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Number of Stacked Dispersion

140

Midsections # (feet)

Figure A.6. Total number of stacked dispersion curves after two stacking procedures
(Steps 1 and 2). (Graphic fold)
For example, the final dispersion curve for Station 5.75 is shown in Figure A.7. This
figure shows the variation of phase velocity with frequency and the shading represents
the dominancy of each phase velocity on the results. Since EPS is a homogenous
material, as described before, the dispersion curves are non-dispersive and show an
approximately straight line. As shown in Figure A.7, the dispersion curve is nearly
horizontal at frequencies greater than 300 Hz.

Figure A.7. Dispersion curve from Surfseis for station # 5.75.
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This procedure is repeated for all of the sections between 1.75 m (5.75 ft) and 5.41 m
(17.75 ft) from the end of the EPS block. The dispersion curves for each station are
stacked (summed) together and a combined dispersion curve for each station is used to
extract the phase velocities and their corresponding frequencies.
A.2.2. Inversion Analysis

Inversion analysis is a procedure to find the shear wave velocity profile from the
experimental dispersion curves. In general inversion is an iterative process to find a shear
wave velocity profile for the experimental dispersion curve with the minimum error
between the theoretical and experimental dispersion curve. In this research, since the
dispersion curves show a nearly straight line, iteration is not required and the results can
be estimated from the available equations related to propagating waves in homogenous
media. The relationship between phase velocity (surface wave velocity (VR)) and shear
wave velocity (VS) can be estimated from Equations A.1 and A.2 (Bay and Stokoe 1990):

Vs

1 v
VR
0.862 1.14v

(A.1)

For Poisson’s ratio ( ) between 0.1 and 0.3, shear wave velocity can be
approximated by:

Vs

1.11VR

(A.2)
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Figure A.8. 2-D shear wave velocity profile of EPS block
(m/sec).
Phase velocity is converted to shear wave velocity for all of the tested sections of
EPS block by utilizing Equation A.2. Figure A.8 depicts the 2D shear wave velocity
variation within the EPS block between 1.75 m (5.75 ft) and 5.41 m (17.75 ft). As shown
in Figure A.8, the shear wave velocity obtained from the inversion analysis varies within
the block. The shear wave velocity should be the same throughout a homogenous
material. However, density variations occur within the full-size EPS block because of the
molding process (Stark et al. 2004), which can contribute to variations in density within
the block.
A second factor that can contribute to the variation of shear wave velocity within the
block is the inversion techniques which are based on equations related to Rayleigh wave
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propagation in homogeneous media. Future work to improve the inversion analysis, such
as utilizing the Lamb waves (Ryden et al. 2003), is recommended.
The shear modulus of the material, under small strain conditions, can be calculated
from the shear wave velocity using Equation A.3:

G

Vs

2

where, Vs is the shear wave velocity and

(A.3)

is the density of EPS material. Measured

shear wave velocities were used to calculate the shear modulus at all of the sections
between 1.75 m (5.75 ft) and 5.41 m (17.75 ft) from the end of the EPS block by utilizing
Equation A.3. Results show a shear modulus with a range of 4.06 to 7.4 MPa with an
average of 6.11 MPa. This measured shear moduli is in the range of the shear modulus
measured by Athanasopoulos and Xenaki (2011) (2 to 8 MPa for EPS material with
density range of 10 to 30 kg/m3 (0.6 to 1.9 lb/ft3)) but is far from the results reported by
Ossa and Roma (2011) from resonant column tests (10 to 16 MPa) for EPS material with
density range of 24 to 32 kg/m3 (1.5 to 2 lb/ft3).
A.2.3. MASW results summary
This section proposes the use of the MASW method to evaluate the large scale
dynamic properties of EPS material. Results show an average shear modulus of 6.11 MPa
for the EPS 22 with the measured density of 20.9 kg/m3 (1.3 lb/ft3).
The shear modulus measured by the MASW test shows a higher value than the
reported results for EPS blocks with densities close to the tested block (20.9 kg/m3 (1.3
lb/ft3)). However, the MASW result is still in the range of the shear modulus measured by
Athanasopoulos and Xenaki (2011) (2 to 8 MPa for EPS material with density range of
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10 to 30 kg/m3 (0.6 to 1.9 lb/ft3)). MASW results vary greatly from the shear modulus
reported by Ossa and Roma (2011) from resonant column tests (10 to 16 MPa) for EPS
material with density range of 24 to 32 kg/m3 (1.5 to 2 lb/ft3). In order to compare the
results from the MASW tests on the full-size EPS block with results from resonant
column tests on small laboratory specimens of EPS material, the tested block was sliced
and 21 samples were extracted. Resonant column tests were performed on the extracted
samples to evaluate the effect of specimen size on the results. These tests are described in
the next section.
This method can be extended to projects with EPS blocks in the field to measure the
dynamic properties of the EPS material under the in-situ conditions (confining and
vertical pressure). Utilizing the MASW method in evaluating the dynamic properties of
EPS material can provide the following potential advantages: (1) eliminate the effect of
the small sample size on the results, (2) provide a capability to test EPS material under
in-situ conditions (3) provide an image of the integrity of EPS blocks after placement,
and (4) utilize fast and economical procedures.
A.3. Resonant column tests
The resonant column test is commonly used to measure the dynamic properties of
materials such as soils. Dynamic properties, including shear wave velocity and shear
modulus, are measured from the resonant frequency of the specimen. Resonant column
tests measure the dynamic properties at low to medium strains.
The resonant column apparatus available at the University of Memphis is the TSH
100 made by GCTS Testing System Company. It can measure shear wave velocity, shear
modulus and damping ratio of specimens from 38 mm to 70 mm in diameter and with
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heights of twice the specimen diameter. It is a bottom-fixed resonant column and it can
apply torsional forces with frequencies up to 250 Hz.
A.3.1. Sampling
The full-size EPS 22 (ASTM D6817-11) block with dimensions of 34 in x 48 in x
288 in, used in the MASW tests, was considered in this study. The block was cut into
seven sections by a hot-wire apparatus to generate seven slices with dimensions of 6 x 34
x 48 inches as shown in Figure A.9.
NCHRP 24-11(01) recommends sampling from various locations along the
longitudinal axis of the block for quality assurance purposes. It also recommends
considering half of the block and taking samples through the diagonal axes of the block.
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3.00
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6.00

30.00

36.00
6.00
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3.00
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Figure A.9. Cutting sections from full-size EPS block

Since the purpose of these tests is to provide a comparison between MASW and
resonant column test results, the whole length of the block was considered and three
samples were cut from the center part of each slice as shown in Figure A.10. Cutting was
performed based on the ASTM C390-08 recommendations.

239

ASTM D 4015-07, which is the standard test method for resonant column tests,
recommends specimens with a minimum diameter of 33 mm and a length-to-diameter
ratio of 2 to 7. Therefore, cylindrical EPS specimens with a 71-mm diameter and 142-mm
height were cut from the top, middle and bottom of the various slices of the full-size EPS
block.

6.00
1.60

2.80

1.60

1.00

5.60
9.40

a
2.80
3.80
2.80
2.00

4.00
5.60

3.80

5.60

11.20

Cylindrical Sample
2.80@5.60inch

3.80

21.00
2.00

38.00
6.00

24.00

4.00

3.80

21.00

9.40
5.60

24.00
6.00
1.00

Figure A.10. Cutting specimens from sections of EPS block

240

Cylindrical samples were cut using an engine
lathe to achieve smooth, cylindrical and symmetrical
samples as shown in Figure A.11.
As mentioned before, the resonant column
system at the University of Memphis is a bottomfixed system. Therefore, in order to provide a fixed
contact between the EPS specimens and the bottom
platen of the resonant column apparatus, Styrofoam
compatible glue was used. Each specimen was glued
Figure A.11. Cylindrical
specimens.
A.3.2. Test procedure
As a result of the sampling, 21 cylindrical EPS specimens with dimensions of 71 mm
in diameter and 142 mm in height were produced.
In the first step, physical characteristics of each specimen including weight, volume
and density were measured. The vacuum weight measuring system available in the
environmental laboratory at the University of Memphis was used to obtain the weight of
each specimen with an accuracy of 0.001 grams. The dimensions of each EPS specimen
were measured three times at different locations and the average of the measured
dimensions were considered in the analysis.
After sampling and measuring the physical characteristics of the EPS specimens, the
resonant column tests were performed. In order to compare the effect of vertical stresses
on the results, specimens were tested at various vertical stresses. Since the Poisson’s ratio
of EPS material is about zero, confining pressure should not have a significant effect on
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the shear modulus of these materials; therefore, all the tests were performed under zero
confining pressure.
As mentioned before, this study was performed with a fixed-free Drnevich-type
apparatus (Drnevich et al. 1978). The test procedure consists of applying a constant
amplitude external cyclic torsional load over a range of frequencies that includes the
resonant frequency of the specimen. In order to determine this range, a large frequency
step (1-2 Hz) was used to come up with a range that might contain the resonant frequency
of the specimen. After the range was determined, the frequency step was decreased to
0.1-0.5 Hz to increase the accuracy of measurements.
An accelerometer installed on the top platen of the resonant column was used to
monitor the acceleration response of the system and generate the frequency-response
curves of each specimen as shown in Figure A.12. The damping ratio can also be
determined from this figure as described in Section 1.2.2.3, Introduction.
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Figure A.12. Frequency sweep

Figure A.13 provides torque versus shear strain curves from a couple of cycles of the
resonant column test. As shown in this figure, the curve is an inclined ellipse. As the
frequency increases, the major axis approaches the vertical and the eccentricity decreases
until, at the resonant frequency, the torque-shear strain curve is almost circular.
Monitoring the shape of the torque-shear strain curve is a control option in the
determination of resonant frequency.
Figure A.14 depicts the free vibration of the EPS specimen. The damping ratio can
be determined from the free-vibration curve as described in Section 1.1, Introduction.
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Figure A.13. Torque-shear strain curves of a tested sample EPS specimen
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Figure A.14. Free vibration of EPS sample

Vertical stresses up to the compressive strength of the EPS material (i.e. the
compressive stress corresponding to 1% strain) were applied to the EPS specimens to
investigate the effect of vertical stresses on the shear modulus and damping ratio. The
stress level applied in each test can be represented by a normalized parameter SSR
defined by Equation A.4.
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SSR =

c/

(A.4)

y

where
c=

y

Vertical stress applied to the specimen

= Compressive strength of the specimen

Resonant column tests were performed for all 21 samples at SSR levels of 0, 0.5 and
1. A summary of the results is provided in the next section.
A.3.3. Resonant column test results and comparison
As mentioned before, the objective of this study is to provide a comparison between
MASW and resonant column tests to evaluate the effect of specimen size on the results.
In order to provide a comparison between MASW and resonant column, in the first step,
results obtained between Sections 2 and 6 of the EPS block are considered. As mentioned
before, the MASW tests can only provide shear wave velocity and shear modulus values
between Stations 5.75 and 17.75 (ft), which corresponds with Sections 2 through 6 of
Figure A.9.
Since the block used in MASW testing was not embedded in an embankment, it does
not experience any vertical stresses. Therefore, results at zero vertical stress were
compared with the MASW tests as described in the following.
Table A.2 provides a statistical analysis of the shear modulus values obtained from
the resonant column tests and the densities of the specimens from Sections 2 through 6.
As shown in Table A.2, results from performing resonant column tests provide a
maximum shear modulus of 5.5 MPa and a minimum shear modulus of 4.81 MPa with an
average of 5.21 MPa.
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Table A.2. Statistical summary of specimens from Sections 2 through 6 of the EPS
block at SSR = 0
Shear Modulus (MPa)
Mean
5.213333333
Median
5.27
Standard Deviation
0.21684974
Range
0.69
Minimum
4.81
Maximum
5.5
Count
15

Density (kg/m3)
Mean
21.64820667
Median
21.5431
Standard Deviation
0.444179036
Range
1.4604
Minimum
20.9668
Maximum
22.4272
Count
15

Table A.3 compares the results from the MASW and resonant column test for the
investigation area. The shear moduli obtained from the MASW tests are about 18%
higher than the shear moduli from the resonant column tests on average. Therefore, the
MASW tests might lead to a more economical design.
It was also observed that the shear moduli obtained from the MASW tests have a
wider range of variation in comparison with resonant column tests. The wider variation in
the MASW results is because resonant column tests were only performed on 15 samples
whereas the MASW tests sampled the whole length of the investigation area of the block.
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Table A.3. Comparison between MASW and resonant column results.

Figure A.15 shows the variation in density from sampling of Sections 2 through 6 of
the full-size tested EPS block. As shown in this figure, the density in the block varies
from 20.97 to 22.43 kg/m3, which shows about 7 percent variation in density.

Figure A.15. Variation of density for midsection of block (between 1.9 m through 5.5 m).

Figure A.16 shows the variation of shear modulus for the MASW investigation area
as measured in the resonant column tests. In order to generate 2-D profiles of shear
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modulus and density, as shown in Figures A.15 and A.16, linear interpolation between
available data points was performed.

Figure A.16. Variation of shear modulus for midsection of block (between 1.9 m
through 5.5m). m of block

The variation of shear modulus from the resonant column and MASW tests are
compatible with the variation of density as shown in Figure A.15. Density variations are
because of the molding process (Stark et al. 2004), which can contribute to variations in
shear wave velocity and shear modulus within the block. Shear modulus degradation
obtained from resonant column tests for samples from Sections 2 through 6 (samples with
density between 20.97 to 22.43 kg/m3) is depicted in Figure A.17. Shear modulus
degradation is commonly used to incorporate the stress-strain behavior of EPS material as
well as the damping effect on the design of EPS blocks under seismic loading.
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Figure A.17. Shear modulus degradation for samples from Sections 2 through 6

Results from Sections 1 and 7 are added to the previous section to investigate the
variation of density and shear modulus through the whole length of the EPS block.
Results show a higher variation in results, where the minimum shear modulus is reduced
to 4.05 MPa and the average shear modulus is reduced to 5.02 MPa. A statistical
evaluation for all 21 samples is provided in Table A.4.
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Table A.4. Statistical summary of samples from Sections 1 through 7 of the EPS
block
Density (kg/m3)
Mean
20.89756667
Median
21.4921
Standard Deviation
1.302237769
Sample Variance
1.695823206
Range
4.23395
Minimum
18.19325
Maximum
22.4272
Count
21

Shear Modulus (MPa)
Mean
5.027142857
Median
5.11
Standard Deviation
0.389051961
Sample Variance
0.151361429
Range
1.45
Minimum
4.05
Maximum
5.5
Count
21

The density of the EPS specimens through the whole length of the EPS block varies
from 18.19 to 22.43 kg/m3, which shows about 23% variation in density. Figures A.18
and A.19 provide the variation of density and shear modulus from sampling the whole
length of the block (Sections 1 through 7). As shown in these figures, the shear modulus
and density decrease significantly on the edges of the block, which cannot be captured
through MASW testing.

Figure A.18. Variation of density for midsection of block (whole block)
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Figure A.19. Variation of shear modulus for midsection of block (whole block)

Results from the proposed resonant column method are in agreement with results
reported by Athanasopoulos et al. (2011) based on resonant column tests.
Athanasopoulos et al. (2011) recommend a shear modulus of 5.28 MPa for the proposed
average density. Also the measured density, 20.89 kg/m3, is comparable to the density
that the EPS molder provides, 20.9 kg/m3 (The density was obtained from the measured
weight of the full-size block and the dimensions of the block, which were 38 x 48 x 288
inches).
The shear modulus degradation obtained from resonant column tests for samples
from Sections 1 through 7 of the EPS block is depicted in Figure A.20. As shown in this
figure, the shear modulus degradation shows a wider variation in comparison with Figure
A.17 because of the presence of EPS material with lower densities in Sections 1 and 7, at
the ends of the block.
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Figure A.20. Shear modulus degradation for samples from section 1 through 7

Upper- and lower-bound degradation curves are fitted to the data using sigmoidal
models as shown in Figure A.21. Sigmoidal curves are monotonic within the defined
range and have the appropriate asymptotic behavior (FLAC 2005). Three-parameter
sigmoidal models as defined in Equation A.5 were considered:

a
1 exp( ( L x0 ) / b)

Ms

(A.5)

where Ms is the strain-dependent normalized shear modulus and L is the logarithmic
strain.
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Figure A.21. Shear modulus degradation for samples from section 1 through 7

The model parameters used to match the measured degradation results are
summarized in Table A.5.

Table A.5. Parameters for the fitted models
Parameters

a

b

X0

Upper Bound

1

-0.4

-0.55

Lower Bound

1

-0.46

-1.2

Figure A.22 depicts the variation of damping ratio with strain from the 21 resonant
column samples based on the half-power band-width method. As shown, the damping
ratio increased up to 0.1% strain, but decreased after that. The capability of the resonant
column and the half-power band-width method to determine damping ratios for strains
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larger than 0.1 % might be one explanation. But the author, at this stage, cannot provide a
strong reason for this type of behavior.
Literature research shows contrasting results and trends for the damping ratio of EPS
material. Authors including Ossa and Roma (2011), Athanasopoulos et al. (2011) and
Duskov (1997) report an increasing trend of damping ratio for all strains, shown as a
shaded area in Figure A.23. However, Trandafir et al. (2010) report the opposite trend.
Their results show a decreasing trend as depicted by the dashed line in Figure 1.19. There
is an ongoing debate in academia about this behavior.
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Figure A.22. Damping ratio for samples from sections 1 through 7

As shown in Figure A.22, results from this study confirm both trends with respect to
the reported strain level. As mentioned above, damping ratio increased up to 0.1% strain,
which is compatible with reported results by Ossa and Roma (2011), Athanasopoulos et
al. (2011) and Duskov (1997), but decreased after 0.1% strain, which is compatible with
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Trandafir et al. (2010) as shown in Figure A.23. As shown in this figure, reported results
by Trandafir et al. (2010) are in the range of 0.1 to 1% strain.

Figure A.23. Shear modulus degradation (Trandefir et al. 2010)

As mentioned before, vertical stress ratios of 0, 0.5 and 1 were applied to the
samples to evaluate the effect of vertical stresses on the dynamic properties of EPS.
Figure A.24 provides an example of the measured shear modulus degradation for a
sample under SSR = 0, 0.5 and 1.0. As shown in this figure, increases in the vertical
stress increases the shear modulus, particularly in the small-strain range.
By applying vertical stresses, the samples are compressed and therefore they exhibit
a higher shear modulus values. This type of behavior is consistent with the strengthhardening behavior of EPS material from compressive strength tests. Applying vertical
stresses of 0.5 and 1.0 (SSR) increased the average measured shear modulus of the
specimens from 5.03 MPa for SSR = 0 to 7.78 MPa for SSR = 0.5 and 10.48 MPa for
SSR = 1.
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Figure A.24. Shear modulus degradation for samples from section 1 through 7

Figure A.25 provides a comparison between the shear modulus degradation curves of
EPS specimens under vertical stress ratios (SSR) of zero and 0.5. As shown in this figure,
samples under compressive stresses show a wider and flatter trend in comparison with
samples under zero compressive stresses.
Figure A.26 compares the shear modulus degradation of samples under SSR = 0 and
SSR = 1. As shown in this figure, the shear modulus degradation trend is similar, but with
a wider range of variation. A comparison between all of the tested resonant column
results (SSR = 0, 0.5 and 1) is provided in Figure A.27.
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Figure A.25. Shear modulus degradation for specimens from Sections 1 through 7
under 0 and 0.5 vertical stress ratios
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Figure A.26. Shear modulus degradation for specimens from Sections 1 through 7
under 0 and 1.0 vertical stress ratios
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Figure A.27. Shear modulus degradation for specimens from Sections 1 through 7
under 0, 0.5 and 1.0 vertical stress ratios

A.3.4. Conclusions
A reliable and economical design needs a dependable estimation of material
properties. Dynamic parameters are input parameters to the constitutive models which
predict the behavior of materials under dynamic loading. The geofoam dynamic
parameters required to perform seismic analysis are the maximum shear modulus (Gmax),
shear modulus degradation (G/Gmax) and damping ratio.
The literature of the laboratory test results revealed that the shear modulus of EPS
material is sensitive to specimen size. Literature also indicates that confining (Ossa and
Roma 2011) and vertical stresses also influence the dynamic properties of EPS material.
However, it is difficult to reproduce the field stresses and strains in conventional dynamic
laboratory testing. In order to investigate the dynamic properties of EPS material a
comprehensive research on dynamic properties of EPS blocks has been performed.
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MASW (Multi-Channel Analysis of Surface Waves) tests were used to estimate the
dynamic properties of a full size EPS-blocks geofoam (as described in Appendix I) and
compared with small specimen results from resonant column tests.
Results from resonant column tests provide a maximum shear modulus of 5.5 MPa
and minimum of 4.81 Mpa with an average of 5.21 MPa for the MASW investigation
area of the block (between 5.75 ft to 17.75 ft of block). In comparison with MASW
results, shear modulus obtained from MASW tests are about 18% in average higher than
shear modulus obtained from resonant column tests. Therefore, MASW tests might lead
to a more economical design. Shear modulus obtained from MASW show a wider range
of variation in comparison with resonant column tests.
Variation of shear modulus from resonant column and MASW are comparable with
variation of density for investigation length of block. Density of EPS block varies from
20.97 to 22.43 kg/m3, about 7 percent variation in density. Density variations are result of
the molding process (Stark et al. 2004), which can contribute to variations in shear wave
velocity and shear modulus within the block.
Resonant column tests results for whole lengths of block (sections 1 through 7) show
a higher variation in shear modulus and density than the MASW investigation area.
Where the minimum and average shear modulus of the block is reduced to 4.05 MPa and
5.02 MPa respectively, the maximum measured shear modulus from considering the
whole length of block is maintained the same, as 5.5 MPa.
Results from the proposed resonant column method are in agreement with results
reported by Athanasopoulos et al. (2011) based on resonant column. Athanasopoulos et
al. (2011) recommend shear modulus of 5.28 MPa for the proposed average density.
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Also, the measured density, 20.89 kg/m3, is comparable with the density that the EPS
molder provides, 20.9 kg/m3.
Damping ratios obtained from resonant column tests based on half-power bandwidth method show an increasing trend by increasing the shear strain up to 0.1% but
decreasing after. The capability of resonant column and half-power band-width method in
determination of damping ratio for strain larger than 0.1% might be one option that can
explain this type of behavior. However, the authors, at this stage could not provide a
strong reason for this type of behavior.
Increasing the vertical stresses increases the shear modulus, particularly on small
strain range. By applying vertical stresses, the sample is compressed and will show a
higher shear modulus values. This behavior is consistent with strength hardening
behavior of EPS material on compressive strength tests. Applying vertical stresses of 0.5
and 1.0 (SSR) increased the average measured shear modulus of specimens from 5.03
MPa for SSR = 0 to 7.78 MPa for SSR = 0.5 and 10.48 MPa for SSR = 1. The shear
modulus degradation curves of EPS samples under compressive stresses show a wider
and flatter trend in comparison with samples under zero compressive stresses.
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